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ABSTRACT
TileCal is the ATLAS barrel hadronic calorimeter. It’s a sampling
calorimeter of scintillating tiles in a steel matrix with the goal of measuring
the position and energy of particle jets with an optimized performance.
It went through several tests since its installation in the ATLAS cavern,
particularly involving the commissioning of the calorimeter with cosmic ray
muons.
I used the TileMuonFitter algorithm that reconstructs the muon track
using only the cells from TileCal and calculating the crossed path length, it
gives the average energy loss of the muon for each detector layer.
Detailed studies were carried out to establish the selection cuts and to
determine the systematic uncertainties associated to each of them.
Two different datasets were used: ID-COMM, that requires a track in
the Inner Detector; and RPC that didn’t require this constraint.
The results obtained were 5 % higher than in previous studies but, with
a energy loss agreement with the simulations within of 3 % , it was able to
confirm, although with larger uncertainties, the good setting of the EM scale
for layers A and BC. Also in agreement with previous results, there was
an indication of a possible layer miscalibration since layer D, for the Long
Barrel presented a higher energy loss value.
The repeatability and the reproducibility of the TMF method were both
tested by comparing the results for different runs and in the two datasets:
for LB both values were within 1 %. For EB the results were less conclusive,
within 2.5 % and 5-10 % respectively.
A uniformity of the energy response variation over φ of ±2 %, using
ID-COMM, was obtained for layer A in LB for 36 of the 49 modules present
in the study.
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A full coverage was obtained, using RPC, for layer A in LB with a
uniformity of ±5 %. Also using RPC, 78,4 % of the 384 TileCal modules were
present in the study and only 6 didn’t comply with the detector requirements
(10 %).
O TileCal e´ o calorı´metro hadro´nico barril do ATLAS. E´ um calorı´metro
de amostragem com telhas cintilantes numa matriz de ac¸o optimizado para
a medic¸a˜o da posic¸a˜o e energia de jactos de partı´culas.
O TileCal foi submetido a va´rios testes desde a sua instalac¸a˜o na caverna
do ATLAS, particularmente a certificac¸a˜o do detector com muo˜es co´smicos.
Usei o algoritmo TileMuonFitter que reconstro´i o trac¸o do mua˜o
utilizando apenas as ce´lulas do TileCal e, obtendo tambe´m as suas energias,
calcula a perda de energia para cada camada radial do detector.
Foi feito um estudo para determinar os cortes de selecc¸a˜o a aplicar e
determinado a incerteza sistema´tico associado a cada corte.
Foram utilizados dois conjuntos de dados: ID-COMM, em que se requer
que o mua˜o passe no Detector Interno de ATLAS; e RPC sem esta restric¸a˜o.
Os resultados obtidos foram 5 % acima dos anteriores, mas com um
valor para a perda de energia 3 % dentro do previsto por simulac¸o˜es,
confirmou a escala EM para as camadas A e BC (embora com erros maiores).
Ale´m disso, demonstrando um acordo com os resultados anteriores, preveˆ a
existeˆncia de uma ma´ calibrac¸a˜o da camada D, pois esta apresenta um valor
superior a`s restantes.
Foram testadas a repetibilidade e a reprodutibilidade do me´todo TMF:
no LB ambos os valores foram de 1 % e no EB os resultados foram de 2.5 %
e 5-10 %, respectivamente.
Utilizando os dados ID-COMM, a uniformidade obtida para a camada
A no LB foi de 1 %, para 36 dos 49 mo´dulos presentes.
Foi ainda obtida cobertura total, utilizando os dados RPC, para a
camada A no LB com uma uniformidade melhor que 5 % e foi conseguido
que 78.4 % dos 384 mo´dulos do TileCal estivessem presentes neste estudo,
sendo que apenas 6 na˜o cumpriam as especificac¸o˜es do detector (10 %).
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Suma´rio
O trabalho desenvolvido para a presente dissertac¸a˜o de Mestrado esteve
enquadrado na experieˆncia ATLAS do acelerador e colisionador prota˜o-
prota˜o LHC construı´do no laborato´rio CERN. Em Novembro de 2009, o
LHC deu inicio a` sua operac¸a˜o com coliso˜es, primeiro com uma energia de
centro de massa de 900 GeV e, depois desde Marc¸o 2010, com coliso˜es a 7 TeV.
Para esta fase que agora se inicia e´ de grande importaˆncia que o desempenho
de todos os detectores esteja optimizado. Para isso, diversos estudos foram
feitos para certificar cada um desses detectores. Para ale´m das tomadas de
dados com instrumentos de calibrac¸a˜o dedicados, um grande investimento
foi aplicado no estudo do desempenho dos detectores, utilizando muo˜es
produzidos pela interacc¸a˜o da radiac¸a˜o co´smica com a atmosfera. Estas
eram as u´nica partı´culas de alta energia disponı´veis durante um largo
perı´odo de tempo. Em particular, o grupo portugueˆs de ATLAS teve uma
participac¸a˜o alargada na ana´lise destes muo˜es no calorı´metro hadro´nico de
telhas cintilantes (TileCal).
O detector ATLAS tem como um dos seus principais objectivos a
descoberta do bosa˜o de Higgs, necessa´rio para explicar a massa das
partı´culas no modelo padra˜o das partı´culas elementares (“Standard Model”).
Existem va´rios decaimentos possı´veis para esta partı´cula que permitem a
sua identificac¸a˜o. Um destes decaimentos e´ para um par de quarks bottom
(bbar) onde a reconstruc¸a˜o de jactos de partı´culas (da hadronizac¸a˜o destes
quarks) e da energia transversa em falta teˆm um papel relevante. Para tal,
existe a necessidade que o calorı´metro hadro´nico possua uma capacidade
de medir tanto a posic¸a˜o como a energia de chuveiros produzidos por estes
jactos. Outro decaimento do bosa˜o de Higgs, chamado “canal de ouro”, e´
para dois boso˜es Z, que por sua vez podera˜o originar um par de muo˜es de
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alta energia cada um. Para que estes muo˜es sejam medidos com exactida˜o ,
diversos testes tiveram que ser efectuados para certificar a escala de energia
e caracterizar a sua resposta nos detectores de ATLAS.
O TileCal e´ um calorı´metro de amostragem com telhas cintilantes como
meio activo e ac¸o como absorvedor. O TileCal e´ composto por treˆs cilindros,
um maior e central, Long Barrel (LB), e outros dois mais pequenos que o
ladeiam, Extended Barrel (EB). Cada uma das metades do cilindro central,
LB e cada um dos cilindros, EB, constituem uma partic¸a˜o, com leitura de
dados independente. Cada uma destas partic¸o˜es e´ dividida em 64 mo´dulos
segundo o aˆngulo azimutal com uma segmentac¸a˜o em φ de 0.1 radianos.
Cada mo´dulo e´ segmentado radialmente em treˆs camadas designadas A, BC
e D. Existe ainda uma segmentac¸a˜o das camadas, segundo a pseudorapidez,
que define ce´lulas onde e´ feita a leitura da energia depositada.
A escala de energia foi obtida atrave´s da irradiac¸a˜o de uma parte do
detector com electro˜es de alta energia, durante testes dedicados de calibrac¸a˜o
que decorreram entre os anos de 2000 e 2003. Como o comprimento de
interacc¸a˜o dos electro˜es no material dominante do calorı´metro e´ muito
pequeno, na˜o foi possı´vel testar as zonas mais afastadas do feixe: apenas a
camada A obteve resultados com electro˜es.
Para estender esta escala de energia a`s restantes ce´lulas, um dos sistemas
de calibrac¸a˜o usa uma fonte de Ce´sio que passa por todas as ce´lulas, obtendo
um factor de calibrac¸a˜o. Para este trabalho foram utilizados dados reais
e dados simulados de muo˜es provenientes de raios co´smicos. Utilizei
um algoritmo que, utilizando apenas informac¸a˜o das ce´lulas do TileCal,
reconstruı´a as trajecto´rias desses muo˜es. Usando a geometria do calorı´metro
obtiveram-se os segmentos de cada camada. Somando a energia nas ce´lulas
de uma camada, obtive atrave´s da raza˜o energia/caminho atravessado, uma
estimativa da perda de energia desses muo˜es no TileCal. Foi feito um
estudo para determinar que cortes na selecc¸a˜o dos eventos e das ce´lulas
se deveria utilizar. Obtive assim cortes geome´tricos, cortes para eliminar
ma´s reconstruc¸o˜es dos trac¸os, corte no momentos para obter resultados
esta´veis, pois a perda de energia de muo˜es e´ dependente do momento com
que eles interagem com a mate´ria; cortes para eliminar o ruı´do na resposta
x
Contents
das ce´lulas. Foram utilizados dois tipos de dados: um em que se requer que
o mua˜o passe pelo detector interno de ATLAS, a que se chamou ID-COMM
e outro sem esta restric¸a˜o, que se designou por RPC.
Os cortes geome´tricos e de comprimento atravessado foram menos
restritivos para os dados RPC visto que estes na˜o possuı´am os constrang-
imentos dos dados ID-COMM. Para melhorar a estatı´stica dos valores
obtidos, as duas partic¸o˜es do LB (e as duas do EB) foram agrupadas. A
regia˜o de momento escolhida e´ bastante esta´vel, mas ja´ existem perdas
de energia devido a efeitos radiativos, originando valores muito elevados
de perda de energia. Assim decidiu-se retirar 1% dos maiores valores e
este procedimento e´ denominado truncagem. Apo´s esta, estudei os valores
obtido para as me´dias desses resultados para estudar a resposta em energia.
Foi feito um tratamento exaustivo dos erros sistema´ticos associados aos
cortes aplicado a` ana´lise. As contribuic¸o˜es principais para o valor da
incerteza global foram os estudos para o caminho, o momento do mua˜o,
a energia depositada na ce´lula e a truncagem. As incertezas estatı´sticas no
LB para os dados ID-COMM foram de 0.5% e para os dados RPC, os valores
sa˜o 3 vezes maiores. No EB, os valores destas incertezas foram semelhantes
para os dois conjuntos de dados (2.0 a 2.5%).
Foi feito ainda um estudo para verificar a repetibilidade do me´todo
usando as cinco runs que constituem os dados ID-COMM. Os resultados
obtidos foram ideˆnticos para as treˆs camadas, obtendo uma variac¸a˜o de
1% para a partic¸a˜o LB e 2.5% para o EB. Embora os valores obtidos para a
perda de energia sejam superiores em 5% aos resultados obtidos por outro
me´todo ja´ submetido para publicac¸a˜o, os valores obtidos no meu estudo
tiveram um acordo de 3% com as simulac¸a˜o efectuada. Foi observado no
LB, uma discrepaˆncia de 3% entre a camada A e a camada BC. Este resultado,
embora com maiores erros, vem de acordo ao que a analise anterior tinha ja´
encontrado, demonstrando que podera´ existir uma ma´ inter-calibrac¸a˜o das
camadas. O valor obtido para a raza˜o entre ID(-COMM) e RPC foi de 1.01
para todas as camadas do LB, com um erro associado de 10%. No caso do
EB, esta raza˜o tem uma variac¸a˜o entre 0.90 e 0.94, com erros tambe´m de 10%.
Para estudar a uniformidade foi feita a truncagem de cada mo´dulo
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separadamente. So´ os mo´dulos que tivessem mais de 100 eventos e´
que seriam incluı´dos neste estudo. Utilizando os dados do ID-COMM
obtiveram-se, para a camada A do LB, uma uniformidade melhor que 2%,
para 36 dos 49 mo´dulos presentes neste estudo. O nu´mero de mo´dulos foi
semelhante para as outras camadas mas com pior erro.
Utilizando os dados RPC, atingiu-se uma cobertura total dos mo´dulos
para a camada A no LB. Podera´ obter-se ainda uma total cobertura na camada
A para o EB, visto que um dos mo´dulos estava avariado e os restantes
treˆs em falta tinham um nu´mero de eventos pro´ximo do necessa´rio para
fazer parte deste estudo: 95, 77 e 88 eventos para os mo´dulos 9, 10 e 11
respectivamente. Com estes dados verificou-se que estavam presentes 78,4%
dos 384 mo´dulos existentes no TileCal e apenas 6 deles na˜o cumpriam os
requisitos de uniformidade (10%) do detector TileCal.
Durante este projecto apresentei os meus resultados na comunidade
de TileCal/ATLAS e numa Confereˆncia da Sociedade Portuguesa de Fı´sica.
Estou a terminar a escrita de uma nota interna de ATLAS para ser publicada
na comunidade.
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1. Physics motivation and CERN
1.1. Brief historical introduction
Since the beginning of time, mankind asks “What are things made
of?”. First, people believed that everything was explained by the four
elements - earth, water, air and fire - to which a fifth was added (around
300 BC): aether. Also, an hypothesis was made in which there were certain
indivisible particles, the atoms (400 BC). As time went by, the existence of
these particles was proved. Having discovered about a hundred of atoms,
scientists admitted the possibility that atoms were not in fact indivisible.
This theory − that atoms were indivisible particles −was set aside with
the discovery of the electron in 1897 and we started to try to see inside the
atoms. It was composed by a core amazingly dense with a positive electric
charge and negative electric charge electrons with a random orbit around
the nucleus. The type of atom was defined by the nucleus’ charge. Soon
we arrive to the conclusion that the nucleus should also have a structure:
it’s composed by neutrons and protons. This model seemed complete as
it explained all the physics at the time (1932). Scientists kept exploring
increasingly higher energies and this model was no longer good enough to
explain all the particles that appeared.
1.2. The Standard Model of Particle Physics
The Standard Model of Particle Physics [1] states the existence of
three generations or families of matter particles, with a semi-integer spin
(fermions) and particles with an integer spin (bosons) that are the the carriers
1
1. Physics motivation and CERN
of the strong, weak and electromagnetic (EM) forces (Figure 1.1).
Figure 1.1.: Particles of the Standard Model: the three generation
(families) of quarks and leptons and the interaction
bosons.
These fermions are subjected to three forces:
• the electromagnetic force mediated by the photon;
• the strong force, which keeps the quarks together in hadrons and
nuclei, mediated by the gluon;
• the weak force, responsible for decays and nuclear fusion, mediated
by three heavy bosons: the neutral Z0 and the charged W±.
The fermions are classified into leptons, that are subjected to the weak
and EM force. and quarks that, in addition, are also subject to the strong
force. Leptons can have charge e1 (electron, muon and tau) or null (electron
neutrino, muon neutrino and tau neutrino). Besides leptons, there are six
quarks. Quarks up, charm and top have a charge of +2/3e and quarks down,
strange and bottom have charge −1/3e. Since no fractional charge particle
has ever been seen, quarks come together to form mesons (two quarks)
and barions (three quarks). These groups of quarks are also designated as
1charge of the electron: 1.60217646×10−19C.
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hadrons. For each particle referred, there is an antiparticle, identical to the
particle except with an opposite charge.
According to QCD each quark has a color charge: red, green or blue.
QCD also states that, since the color doesn’t appear in nature, no quark is
ever alone and they come together — this is called confinement. A quark and
an anti-quark, with color-anticolor, will come together and form mesons, and
three quarks with the three colors will come together and form — similar to
combination of light color — white (no-color) and we have the barions. In
addition, gluons also possesses a pair of colors (red-green for example).
In a simplified version of the Standard Model, without the Higgs
mechanism, all bosons should have a zero mass. The photon has a zero
mass because the range of the EM force for is infinite but the weak force
is short-ranged so its boson(s) should be massive2. In order to predict
this, Peter Higgs proposed a mechanism that gives, through spontaneous
symmetry-breaking, mass to the particles. Besides explaining the mass of
these Z0 and W± bosons, it explains the mass of the fermions and the null
mass of the photon.
The Higgs mechanism also predicts the existence of another particle:
the Higgs particle; that is expected to be discovered experimentally with the
LHC. If this particle is not found, the Higgs mechanism would be invalid and
another theory would be required to explain the mass term of the particles.
In addiction to the search for the Higgs boson, the LHC is a tool to discover
new physics beyond the Standard Model like supersymetric particles, dark
matter, etc.
The Standard Model still has some limitations like the explanation of
neutrino oscillations and their non-zero masses.
The Higgs particle is expected to have a very short life-time, decaying
right after being produced. In particular, an interesting channel for the Higgs
particle to decay is with muons: H→ZZ∗→ 4µ. A detailed knowledge of the
energy loss of muons in the calorimeters is important for the measurement
their momenta.
2The gluon is not massive, but the strong force is also very short-ranged,due to the
confinement.
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Besides this leptonic decay, there are also some Higgs decays that
produce jets of particles or missing transverse energy and the ATLAS Tile
Calorimeter (TileCal) has an important role in the reconstruction of these.
The jets are quarks that were hadronized, i.e., since quarks can’t exist alone,
they will radiate gluons that in turn will create each a pair of quarks. From
the total of quarks, mesons and barions are formed. The hadronization of a
quark has no limits in the number of particles (the only limit is the energy)
and can also contain leptons.
In order to have a correct reconstruction of the jets and their energy and
position, it is of the most importance for TileCal to have the best performance
possible. Since the installation of TileCal in the ATLAS cavern in 2005, it
went through several commissioning phases. This work’s objective was
the study of the TileCal performance in the cosmic commissioning phase,
more precisely the muons from the cosmic ray showers produced in the
atmosphere.
I will present in this thesis, the work developed to validate the
calibration of the energy response of TileCal and its the uniformity over
the azimuthal angle φ, using cosmic ray muons.
1.3. CERN
Funded in 1954, CERN (Conseil European pour la Recherche Nucleaire)
has been responsible for an amazing progress in physics and technology. The
first accelerator, the Synchro-Cyclotron (SC), reached an energy of 600 MeV
and its beam was used for the first experiments of Nuclear and Particle
physics.
In 1964 the SC accelerator was designated only for the Nuclear Physics
area and since 1967 up to its end supplied beam during 33 years to the
ISOLDE, a facility for the production of short-lived isotopes.
Particle Physics abandoned the SC as a new generation of accelerators
was born. The Proton Synchrotron (PS) accelerated protons since 1959,
reaching a beam energy of 28 GeV. After the seventies, CERN started to
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construct larger accelerators so the PS was no longer the main place to do
experiments. PS became the supplier of particles for the new machines,
something that it still does in our days.
Scientists realized that the available collision energy could almost be
doubled if, instead of accelerating a beam into a target, two beam were
made to collide with each other. Thus the Intersecting Storage Rings (ISR)
collider began its operation in 1971 with the objective of using two beams
from PS, achieving the firsts collisions between two proton beams. ISR had
a diameter of 300 meters. From now on only by increasing the diameter
would be possible to increase the energy of the collision.
In 1976 the Super Proton Synchrotron (SPS) was finished with a
perimeter of 7 kilometers with two main experiments: one in the Meyrin
site (Switzerland) and other in the Prevessin site (France). Using the protons
provided by the PS, this accelerator increased the energy up to 300 GeV
for collision (working nowadays with energies of 450 GeV). With SPS it
was possible to probe for the first time the internal structure of the proton,
the natural preference of matter over anti-matter and to look to conditions
similar to the following seconds after the Big-Bang. In 1979, it was decided
to convert SPS in a proton-antiproton (SPP¯S) Collider, to enable both beams
to be accelerated with the same electric field. The main goal was to find
the Z0 and W± bosons responsible by the weak interaction. Their masses
were predicted and collisions started. Finnally they were discovered in 1983
and this accomplishment was awarded with the Nobel prize in Physics the
following year.
A still more daring project was planned: to build an electron-positron
Collider with 27 kilometers in perimeter crossing the Switzerland-France
border four times. It started in 1985 and took four years to be completed. The
Large Electron-Positron collider (LEP) was in operation during seven years at
100 GeV having produced about 17 milions of Z bosons. In order to bend the
particles, LEP had 5176 magnets and 218 accelerating cavities. Increasing the
number of cavities to 288 and using superconductor technology it doubled
the energy, allowing the production of W± boson pairs. This experiment was
closed in the end of 2000, so that the LHC installation could start.
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Meanwhile, the Tevatron at FermiLab, was the direct competition of
CERN and, in 1996, it was able to produce and detect the top quark,
completing the third generation of quarks.
1.4. The Large Hadron Collider
Finally we reach the experiment that has been eagerly awaited and just
started a few months ago: the Large Hadron Collider (LHC). Reusing the
tunnel located 100 meters deep constructed for LEP, LHC has the objective
of accelerating protons very close to the speed of light with a center of mass
energy of 14 TeV.
LHC started in September of 2008, just to close after running for a week
due to a liquid helium leak, which caused one of the magnets to increase
its temperature over 100 degrees. The experiments used this downtime to
be sure that all the systems were up and running and used cosmics rays
data to calibrate the detectors. After this stop, in November 24th 2009, the
LHC was finally restarted having registered the first collisions at 2.36 TeV.
A small break happened and in March 19th 2010 the record energy of 3.5
TeV in proton beam was reached. At the end of March, the two beams were
colliding with a center of mass energy of 7 TeV which is going to be used until
the end of 2011 for uncovering new physics. A one year stop will happen in
order to prepare the LHC to reach the nominal center mass energy value of
14 TeV.
LHC is also, at the same time, the coldest and the hottest place of the
universe. Coldest, as the superconducting magnets need to be cooled down
to 1.8 K (lower than the outer space); hottest because the energy generated
in a collision will simulate the same conditions 10−10 s after Big-Bang at a
temperature of 10×1015K about 100 milions times higher than the sun core.
Also it manages to have the highest vacuum ever created: 10−10 Torr (about
3 million of particles per cubic centimeter).
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1.4.1. LHC experiments
Figure 1.2.: The CERN accelerator complex and experiments
locations.
There are several experiments installed at the points where the LHC
beams intersect. The most important are ATLAS, CMS, ALICE and LHCb
(Figure 1.2). The ATLAS and CMS are both general purpose experiments,
and ALICE and LHCb are dedicated ones. ALICE is installed at Point 2 (P2)
and its purpose is to study the collisions between heavy ions: lead ions will
be injected in LHC during a month in the end of this year (2010). The main
objective will be the study of the quark-gluon plasma. As the other detectors
try to have a full coverage around the interaction point, located at Point 8
(P8) the LHCb detector wishes to study the physics of the bottom quark.
The interesting b-quark events will be produced close to the beam direction
and thus LHCb is just a forward detector. ATLAS and CMS experiments are
installed in Points 1 and 5 respectively.
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1.4.2. LHC functioning steps
The sequence of LHC operational steps is briefly described. Figure 1.2
indicates the main elements of this chain.
• Heat hydrogen to the form of plasma, removing the electron orbiting
the wanted proton;
• Protons accelerated to 50 MeV in the LINAC2 (LINear ACcelerator 2);
• Protons accelerated to 1 GeV in the Proton Synchrotron Booster (PSB);
• Protons accelerated to 26 MeV in the PS;
• Protons accelerated to 450 MeV in the SPS;
• Injection of the two beams in opposite directions in the LHC (Points 2
and 7);
• Protons accelerated to 3.5 TeV in the LHC (7 TeV after the 2011 break);
• Squeeze the beam (Points 3 and 7) to reduce the width and increase the
luminosity;
• Focus and collide the beams at the interaction points;
• Dump the beam (Point 6) after the number of protons per bunch falls
below a given threshold.
Figure 1.3 presents a timeline with the last five LHC operational steps.
For accelerating lead ions a similar process happens with the difference
that the beam comes not from LINAC2 but LINAC3 where the lead-ion
plasma is created.
1.4.3. Luminosity
The cross section of a given process can be obtained by σ = nL , where
n is the number of events observed and  is the detector efficiency. A
8
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Figure 1.3.: Timeline of the LHC operation. The distributions
represent the beam intensity and energy as a function
of time.
way to improve the number of events of those processes, is to increase the
Luminosity (L). The luminosity is given by the collider parameters:
L =
1
4pi
N1N2 f
tAT
(1.1)
Where N1 and N2 are the number of protons of each bunch, t is the
time between bunches, AT is the transverse dimension of the bunches at
interaction point (thus the importance of squeezing the beam) and f is the
fraction of the bunches containing protons.
There are 3557 bunches available but in order to safely dump the beam
only 2808 bunches are used. Each bunch has 1.15× 1011 protons, the time
between bunches is 25 ns and the transverse dimension a few square microns.
Using the expression for the luminosity, we arrive at the nominal value for
the LHC of ≈ 1034cm−2s−1.
Since right now the LHC is neither at nominal energy nor at nominal
bunch number, the current luminosity is 6.9×31 cm−2s−1. The integrated
luminosity up to now (September 6th, 2010) is 11.5pb−1 recorded out of the
12.75pb−1 delivered by the LHC.
In Figures 1.4 and 1.5 are presented the daily and integrated luminosities
until now. These values are updated once a day and are available in the on-
line ATLAS public records [2].
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Figure 1.4.: Peak luminosity by day.
Figure 1.5.: Cumulative ntegrated luminosity, by day.
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Figure 2.1.: The ATLAS detector
The ATLAS (A Toroidal LHC Apparatus) detector [3, 4], presented in
Figure 2.1, is a general purpose experiment that will study the fundamental
interactions of the Universe. Among the possibilities we find the origin
of mass and the validation (or not) of the Higgs mechanism, find extra-
dimensions besides the well known space-time, find evidence of the
dark matter that prevents the stars in the galaxies from escaping, find
supersymetric particles, etc.
ATLAS has its own coordinate system: the interaction point as the
origin, the Y axis towards the surface, X towards the center of the LHC
accelerator and Z along the beam direction keeping the right hand rule
to complete the axis system. At the same time, it defines the spherical
11
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coordinate system (r,θ,φ) and with this, the pseudorapidity1. φ is the
azimuthal angle and θ is the polar angle, with the Z axis.
ATLAS is 44 metres long and 25 metres in diameter, weighing about
7,000 ton.
Figure 2.1 displays also the ATLAS sub-detectors and magnetic systems
listed below:
• Two particle trackers:
The Inner Detector (ID);
The Muon Spectrometer (MS).
• Four Calorimeters:
The ElectroMagnetic liquid argon Barrel (EMB) and End-Cap
(EMEC) calorimeters;
The hadronic Tile Calorimeter (TileCal);
The Hadronic End-Cap calorimeter (HEC);
The Forward CALorimeter (FCAL).
• Magnetic systems:
Solenoid, between the ID and the EMB;
Toroid, involving the MS
I refer now briefly some aspects of these detectors and other systems.
2.1. Magnetic system
The ATLAS magnetic system is needed to bend charged particles,
allowing the trackers to be able to measure their momenta. A solenoid
(Figure 2.2) was placed between the ID and the EMB calorimeter to bend
the charged particle’s trajectory close to the beam. It is a superconducting
1The pseudorapidity is defined by η = − log
[
tan
(
θ
2
)]
where θ is the angle with the Z axis.
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magnet, thus it has to be kept at a temperature of 4.5K. This 5.30 meters long
solenoid was designed to apply a strong magnetic field near the interaction
point (2T), decreasing to a value of 0.5T at the Inner Detector edge.
Figure 2.2.: Solenoid magnetic system.
The magnetic field system of ATLAS also includes the super-conducting
air-core toroid magnet system, with a Barrel Toroid (BT), presented in Figure
2.3, and two End-Cap Toroids (ECT). This system provides a magnetic field
coverage of |η| < 2.7. Each of the eight coils of the BT extends radially from
9.4 to 20.1 meters and has an axial length of 25.3 meters. Each ECT coil
has an axial length of 5 m and extends radially from 1.65 m to 10.7 m. The
main objective of this magnetic system is to allow the measurement of the
muons’ momenta, through the bending of their trajectories. The magnetic
field increases its power with the pseudo-rapidity, up to 4.1T. The main
advantage to this type of magnetic system is that, since it has an air core,
there is less multi-scattering of muons in the medium.
2.2. ATLAS Trackers
ATLAS has two tracking detectors: the Inner Detector and the Muon
Spectrometer.
13
2. The ATLAS Detector
Figure 2.3.: Toroid barrel magnetic system.
The Inner Detector is the detector closest to the beam, in order to
measure momentum of the charged particles with high precision. The Muon
Spectrometer is located in the region farthest from the beam (barrel). The
only particles able to reach the Muon Spectrometer are muons and neutrinos
but neutrinos have no charge and interact very weakly so they are not
detected.
2.2.1. Inner Detector
Besides reconstruction of tracks, the Inner Detector [5] (ID) was
designed to identify decay vertices with high efficiency. Its outer radius
is 115 cm.
The Inner Detector (Figure 2.4) has three technologies in use: silicon
pixel, semiconductor and transition radiation. This tracker system provides
a combined coverage of |η| < 2.5. The ID specification gives a resolution in
the momentum measurement of:
σ(pT)
pT
= 0.05%⊕1% (2.1)
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Figure 2.4.: Inner Detector and its sub-detectors.
Pixel detector
Close to the beam, the technology used is silicon-based in the Pixel
detector (Pix). This approach is useful, as this detector gives the main
contribution on finding the vertex points. It consists of three barrels of 5, 9
and 12 centimeters-long with a radius between 9 and 15 centimeters. The
readout chips are design to withstand over 300kGy of ionizing radiation and
a neutrons fluence of 5× 1014cm−2 over the ten years LHC operation at the
nominal luminosity. With over 140 millions of detector elements the Pix
provides a rφ resolution of 10µm and a z resolution of 50µm.
SemiConductor Tracker
The middle track detector uses the semiconductor technology. Basically,
the passage of ionizing particles produces a electron-hole pair in the
semiconductor. These pairs are then collected by means of an electric field.
The SemiConductor Tracker (SCT) is responsible to measure the momentum
of a charged particle with good precision. This is only possible because
the Solenoid magnetic field bends charged particles. The spacial resolution
15
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obtained by the 6.2 milion readout channels is for rφ : 16µm and for z : 580µm.
Transition Radiation Tracker
The technology used in the outer part of the ID is the transition radiation
detection. Besides helping in electron identification, the Transition Radiation
Tracker (TRT) will contribute to facilitate the pattern recognition thanks to
the large number of close hits. Thin proportional tubes (straws) with a
diameter of 4mm form the TRT. With 50,000 straws in the barrel and 320,000
in the endcaps the TRT provides a a spacial resolution of 170µm.
2.2.2. Muon Spectrometer
The Muon Spectrometer [6] (MS) outer diameter is about 22 meters,
determining the ATLAS size. Since all other particles are stopped by the
calorimeters, the Muon Spectrometer’s objective is to reconstruct the tracks
and measure the momenta of muons.
Placed in the innermost ring of the MS endcap toroid, the Cathode
Strip Chambers (CSC) is a multi-wire proportional chamber for precision
measurements of the the muon tracks. It’s especially made to support the
high particle fluxes of that region. Also for precision measurements, the
Monitored Drift Tubes (MDT) are placed in all the regions where the flux of
particles is not so intense (barrel and outer endcap).
In addition to these two types of precision chambers, trigger chambers
were placed near the MDT chambers providing a fast trigger signal and
measuring the muon momentum coordinate along the magnetic field.
Located near the MDTs on the Barrel MS, are the Resistive Plate Chambers
(RPC). In the Endcap MS are located the Thin Gap Chambers (TGC). Figure
2.5 presents the location of the each MS system in ATLAS.
The combine transverse momentum resolution of the MS is 2.5% for 20
GeV/c of muon momentum (1.6% combined with ID) and 11% for 1TeV/c.
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(b) Side view of one quadrant of the muon spectrometer
Figure 2.5.: Schematic views of the Muon Spectrometer.
2.3. Calorimeters
The electromagnetic calorimeters of ATLAS measure the energy and
direction of electrons/positrons and photons. The main goal of the hadronic
calorimeters is to identify and measure the energy and direction of jets of
17
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Figure 2.6.: ATLAS Calorimeters.
particles. Working together, the calorimeters [7] should be able to provide
a measurement of the total missing transverse energy, important for any
process with neutrinos, as well as for supersymetric searches, for example.
2.3.1. The Barrel and End-Cap LAr electromagnetic
calorimeters
The ElectroMagnetic Barrel (EMB) and the ElectroMagnetic End-Cap
(EMEC) calorimeters [8] use the same technology so they are described
together. They are sampling liquid argon (LAr) calorimeters with lead
absorbers implemented in an accordion geometry. Figure 2.7(a) presents
an image of an electromagnetic shower. The coverage in η is up to 1.475
in the barrel and from 1.375 to 3.2 in the end-caps. The segmentation in
sampling 2 is ∆η×∆φ = 0.025× 0.0245. It is preceded by a pre-sampler,
presented in Figure 2.7(b), with ∆η = 0.0031 (Sampling 1) which allows to
separate the signals between photons and pi0 mesons decays to γγ. The
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(a) Electromagnetic shower in the
accordion type calorimeter.
(b) Segmentation of the EMB calorimeter.
Figure 2.7.: Liquid Argon electromagnetic calorimeter.
detection sequence begins with the ionization in the liquid argon, the shower
is amplified by an electric field and collected in the electrodes. The liquid
argon is cooled down to a temperature of 40 K using liquid nitrogen, which
is intrinsically radiation hard.
The resolution in energy of both electromagnetic calorimeters is:
σE
E
=
10.1%√
E(MeV)
⊕0.17% (2.2)
2.3.2. Tile Calorimeter
The hadronic Tile Calorimeter (TileCal) is composed of three cylinders:
a barrel and two extended barrels. The gap between the barrel and the
extended barrel allows the passage of cabling and services for the ID and
the LAr calorimeters, covering a pseudorapidity of |η| < 1.7. It is composed
of 5,184 cells, each one readout by two PMTs, divided for the four partitions
and in the 64 modules. It has a segmentation in ∆η×∆φ of 0.1×0.1 for the
two inners layers and 0.2×0.1 for the last layer.
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The TileCal detector is the object of study in this thesis, so it will be
described in greater detail in the chapter 2.
2.3.3. LAr hadronic end-cap and forward calorimeter
With a pseudorapidity coverage of 1.5 < |η| < 3.2, the Hadronic End-
Cap (HEC) calorimeter uses a copper absorber (passive material) again in
liquid argon. Like TileCal, the hadron shower is developed through the
interactions with a high Z nuclei. HEC has an energy resolution of:
σE
E
=
21%√
E(GeV)
⊕0% f orelectrons; σE
E
=
70.7%√
E(GeV)
⊕5.8% f orpions. (2.3)
In order to have hermeticity as good as possible the Forward CALorime-
ter (FCAL), with a pseudorapidity region of 3.1 < |η| < 4.9 completes the jet
coverage in ATLAS achieving the full coverage of the missing transverse
energy. Again, due to the high energy and particle flux, the active medium
is liquid argon, now in a tungsten (W) matrix.
σE
E
=
28.5%√
E(GeV)
⊕3.5% f orelectrons; σE
E
=
70%√
E(GeV)
⊕3.0% f orpions. (2.4)
2.4. ATLAS collision results
The LHC started its operation and ATLAS is rediscovering physics.
The reconstruction of the invariant mass of known particles is important
step in the detector “Physics commissioning”, allowing the validation of
the detector calibration and alignment. Figures 2.9 and 2.8 present the
reconstruction of a J/φ particle and one Z boson decaying in two electrons
and of various particles using two muons data, respectively [2].
20
2.4. ATLAS collision results
 [GeV]eem
70 75 80 85 90 95 100 105 110
Ev
en
ts
 / 
1 
G
eV
0
20
40
60
80
100
120
ATLAS Preliminary
-1
 L dt = 3.14 pb∫Data  
ee→MC Z
Fit to data
(a) Z reconstruction.
 (GeV)eem
2 2.5 3 3.5 4
Ev
en
ts
 / 
( 0
.2 
)
0
5
10
15
20
25
Ev
en
ts
 / 
( 0
.2 
)
=7 TeV)sData 2010, opposite sign ( 
Data 2010, same sign
Fit to data
ATLAS Preliminary
Ev
en
ts
 / 
( 0
.2 
)
(b) J/φ reconstruction.
Figure 2.8.: Invariant mass reconstruction of particles with e+e− pairs.
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3.1. Introduction
TileCal (Figure 3.1) is the barrel hadronic calorimeter of the ATLAS
detector [9]. It provides, along with the other calorimeters, accurate energy
and position measurements of both jets and isolated hadrons. These jets of
particles interact with the calorimeters and form hadronic showers.
Calorimeters have a medium with a function of absorbing the particle
energy (passive) and a medium with the signal generation function (active).
They can either be homogeneous, and the passive and active media are
the same; or they have, like TileCal, different media and are designated
as sampling calorimeters. The TileCal passive and active media are,
respectively, iron and scintillating plastic tiles.
A quick overview of electromagnetic and hadronic showers [10] is
presented, in the next two section, before entering the description of the
TileCal detector. In Figure 3.2, a section of the ATLAS detectors is presented.
It is possible to see the detection of different particles, especially the neutron
and proton that leave a shower in the hadronic calorimeter, and a photon
and electron leaving a shower in the electromagnetic calorimeter.
3.1.1. Electromagnetic showers
When a high energy particle passes through a medium, it interacts with
this medium often by losing some of its energy.
High-energy electrons and positrons lose energy predominantly by
Bremsstrahlung: when an electron travels close to a nucleus, the Coulomb
field from that nucleus interacts with it, causing the emission of a photon. A
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Figure 3.1.: The Tile Calorimeter of ATLAS, barrel and extended
barrel.
high energetic photon will lose its energy by pair production: in the presence
of a Coulomb field, a photon with an energy above two time the mass of the
electron will produce an electron-positron pair.
When either an electron/positron or a photon with high energy enters a
medium it will lose energy by these process and so will all its descendants.
Quickly a large number of these particle will be formed in what is called a
electromagnetic shower. Both of these processes are governed by QED and
can be calculated with high accuracy.
There is a characteristic parameter of a material called the radiation
length defined as the distance for an electron/positron travelled until the
particle loses a fraction 1e of its energy. The radiation length (X0) has units
of [g/cm2] − dividing by the material specific density we get X0 in [cm]. The
radiation length is given by the formula:
X0 =
A
4αNAZ2r2e E ln
183
Z1/3
(3.1)
where α is the fine-structure constant, re is the classical electron radius,
NA is the Avogadro’s number, Z and A are the atomic and mass number
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Figure 3.2.: Section of the ATLAS detector, illustrating the interaction
of particles in different subdetector.
respectively and the E is the energy of the particle.
The energy loss is given by:
−dE
dx
=
E
X0
−→ E = E0e−x/X0 (3.2)
In the case of the pair production, the average travel distance for a
high energy photon before it produces a e+/e− pair, λpair, is equal to 97 of the
radiation length.
The incident particle divides its energy by the two remaining particles.
This means that, after some interactions, the particle no longer has enough
energy to create new particles. The electron will start to dissipate energy
through ionization processes. With low energies, the positron will recombine
with an electron producing two back-to-back photons. The photon loses
the energy through compton scattering (medium energies) and, eventually,
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through photoelectric effect.
The threshold energy where both components start to compete (brems-
strahlung versus ionization and pair production versus compton scattering)
is usually designated as critical energy (EC). Often, when describing
electromagnetic showers, scaled variables are used so we have the distance
in units of the radiation length− t = x/XO − and the energy in units of critical
energy − y = E/EC.
A simple qualitative model of the multiplicity of particles in a EM
shower can be made. Considering only Bremsstrahlung and pair production,
with equal probabilities and assuming X0 ≈ λpair. For a given normalized
distance t, we have N(t) = 2t particles and a energy per particle E(t)/particle =
E0×2−y. The total number of particles is
Ntotal =
tmax∑
t=0
2t = 2tmax+1−1 ≈ 2×2tmax = 2 E0
EC
⇒ tmax = ln(E0/EC)ln2 (3.3)
3.1.2. Hadronic showers
The interaction of hadrons with matter (charged or neutral) occurs
through the strong and weak interactions. As it passes through matter,
the hadron loses a little amount of energy by ionization (in case of a charged
hadron) until it interacts with one of the nuclei of the medium. The initial
energy is divided between the nuclei and the production of mesons. After
this energy sharing, the excited nucleus will lose its energy by emitting
nucleons carrying the binding energy, then emitting low energy photons and
ionization as it recoils. The generated protons will lose energy by ionization
(up to 30% of the recovered) and the neutrons will eventually be captured by
other nuclei, producing more particles. Beyond these particles, the showers
will also produce neutrinos that don’t leave energy in the ATLAS detector
and muons that leave some energy in the calorimeters but escape the ATLAS
detector. All these new particles created will lose energy by ionization or by
generating more particles producing an hadronic shower.
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A similar parametrization can be made of the hadronic showers by the
nuclear interaction length (λI).
λI =
A
NAσtotal
(3.4)
Also the hadronic shower depth can be parametrized as:
λmax = 0.90 + 0.36lnE (3.5)
where λmax is in λI normalized units and the energy is in GeV.
A hadronic calorimeter will not be able to collect all the energy like
in the EM one. Up to 30% of the energy from the incident particle might
be lost due to nuclear excitation and break-up; spallation of slow neutrons
and protons; and production of muons and neutrinos that will escape from
the calorimeter. Besides, the λI parameter will be much greater for dense
materials than the radiation length, so a calorimeter intended to capture all
of the energy produced, would be too large to be economically viable.
3.2. TileCal description
3.2.1. Geometry
TileCal is a large sampling calorimeter that uses steel as the absorber
and polystyrene doped with boron as the active material [9].
Covering the pseudorapidity region |η| < 1.7, TileCal is divided in Long
Barrel (LB), in the central region
(|η| < 1.0) and two Extended Barrels (EB)
that flank it on both sides
(
0.8 < |η| < 1.7). Since TileCal is integrated in the
ATLAS experiment, it used the coordinate system of ATLAS (Chapter 2).
The TileCal readout architecture divides the detector in four partitions: two
with positive Z (C side): LBC and EBC; and two in the negative side (A side):
LBA and EBA. Both LB and EB cylinders are segmented into 64 trapezoidal
wedges (modules) in the azimuthal angleφ, giving a ∆φ granularity of about
0.1 rad.
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Radially, each module is further segmented in three layers — layer A,
layer BC and layer D in increasing radial distance — with a thickness of 1.5,
4.1 and 1.8 λI (nuclear interaction length for protons) for the LB and 1.5, 2.6
and 3.3 λI for the EB. The ∆η for the first two layers is 0.1 and 0.2 for the
last one. The scheme of one LB and one EB TileCal module is presented in
Figure 3.3.
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Figure 3.3.: Representation of TileCal cells.
The segmentation in φ, η and radius defines the three-dimensional
TileCal cells.
Figure 3.4.: Drawing of a trapezoidal shaped spacer/tile.
Each one of these cells is of trapezoidal shape (Figure 3.4) and formed by
a matrix of a 5 mm-thick steel master plates and steel spacers of 4 mm-thick,
that alternate with 3 mm-thick scintillating tiles radially (11 tile/spacers),
along Z. The radial width (Figure 3.4 label H) of each spacer/tile is between
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97 mm and 187 mm and the length along φ (labels A and B from Figure
3.4) ranging from 221.3 mm to 369 mm. The accuracy needed for these
dimensions is ∆l = 0.1mm. The dimensions of the eleven spacers/tiles is
presented in Table 3.1. In all the tiles/spacers there are two holes, where
a steel tube is inserted to allow the passage of a Cesium source (137 Cs)
for calibration (see Section 3.2.3). In Figure 3.5, a diagram is presented
with the source passing through a module. All the tiles and steel plates are
perpendicular to the Z axis.
Figure 3.5.: A Cesium source passing through a module.
Tile/spacer# A (mm) B (mm) H (mm)
1 231.0 221.3 97.0
2 240.8 231.3 97.0
3 250.6 241.0 97.0
4 262.0 249.5 127.0
5 274.8 262.3 127.0
6 287.5 275.0 127.0
7 302.3 287.8 147.0
8 317.0 302.6 147.0
9 331.7 317.3 147.0
10 350.4 332.0 187.0
11 369.0 350.7 187.0
Table 3.1.: Tile dimensions. The labels are in Figure 3.4.
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3.2.2. Optics and readout
Each scintillating tile is made of polystyrene doped with wavelength-
shifter (WLS) fluor-componds (PTP and POPOP1), that absorb the ultra-
violet primary scintillating light (240-300 nm) and emit first in blue range
(320-400 nm) and after in the longer-blue region. Two WLS optic fibers, also
with polystyrene as the base material, are connected to the tiles along two
opposite, non-parallel edges. They absorb the light from the tiles converting
it to the 500 nm wavelength region, and carry it to the photomultipliers
(PMTs). In total, we have 460,000 scintillating tiles and 1,120 km of WLS
optical fibers divided in equal share by the four partitions. Also each one of
the 600,000 fibers, with length between 85 and 220 cm, were aluminized at
the opposite end of the PMTs, in order to optimize the light output [11]. In
Figure 3.6, it is presented one of the LB modules with the respective cells.
It’s also possible to see the optic fibers going from the cell to the PMTs.
Each one of the TileCal cells is readout by two PMTs for redundancy.
The PMT signal is sampled every 25 ns and its amplitude is reconstructed
from seven digitized samples with the optimal filtering method [12].
3.2.3. Calibration
There are three system to calibrate TileCal: charge injection system,
laser system and with a 137 Cs radioactive source system. The diagram in
Figure 3.7 represents the readout chain of the TileCal calibration.
In addition, about 12 % of the modules were tested with known energy
electron beams provided by the SPS acelerator. This TestBeam [13] (TB)
calibration was performed before the assembly of TileCal and obtained the
electromagnetic energy scale (in GeV/pC) for the first radial layer (CpC→GeV).
The charge injection system (CIS) is a part of the front-end electronics
and calibrates its gains by injecting a precise charge. The amplitude of
the signal obtained is measured in ADC counts, obtaining the pC/ADC
1POPOP is the 1,2-bis-(5-phenyl-oxazol-2-yl) benzene molecule and PTP is the
paraterphenyl molecule.
30
3.2. TileCal description
Figure 3.6.: Photograph of a LB module with the optic fibers and
PMTs. Also present , in the top right corner is a
scintillating tile with the two optics fibers connected.
Figure 3.7.: Diagram of the readout chain for the calibration of
TileCal.
conversion factor (CADC→pC). These gain values of all TileCal channels are
determined twice a week in dedicated calibration runs.
Since the TB calibration was done only for a few modules and just
for layer A, this calibration needs to be propagated to every cell in every
module. In each scintillating tile/spacer there are two holes to allow a 137
Cs source to travel through all the cells/modules of TileCal. This is done by
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means of a hydraulic system, that sends the radioactive source through a 10
kilometer-long steel tube. The cell response is measured with a dedicated
integrator system with about 14 ms time constant.
The cesium source passes through all cells of TileCal and this scan
takes between six and eight hours, so it’s only performed outside of beam
periods. The Cesium calibration can be applied either by the ∆CCs factor or
by changing the PMTs high voltage to adjust its gain. As the Cesium source
passes through a cell, the response rises, as it passes through a scintillating
tile, and the response decreases when the Cesium source passes in the iron
as shown in figure 3.8.
Figure 3.8.: Cesium source response as it passes through TileCal cells.
The evolution of the measurements for the Cesium calibration, with the
decay curve of the Cesium source, is presented in Figure 3.9. There is an
up-drift with time in the values obtained for the response of cells.
The laser calibration system is composed of a laser light source with
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Figure 3.9.: TileCal response to the Cesium calibration for all
partitions. The “MF” symbol mean that the magnetic
field of ATLAS was active.
λ = 532 nm (green) and a fiber-based light distribution system, that
illuminates all the PMTs of TileCal. The emitted pulse simulates a signal
similar to those from collisions. Like for the CIS, dedicated calibration runs
are made twice a week. Also the laser calibration system takes the advantage
of the gap present in the bunches, that allow the beam dump to send pulses
and get a monitoring of the detector in real time during physics runs. The
∆CLaser provides stability and linearity corrections.
The reconstructed energy of a given channel Echannel is proportional to
the signal amplitude (A) in ADC counts, with the scaling factors determined
by the TileCal calibration:
Echannel = A ·CADC→pC ·CpC→GeV ·CCs ·CLaser (3.6)
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Figure 3.10.: Value obtained for the EM scale factor with TestBeam.
3.3. Performance at Test Beam [13]
As discussed for the calibration, 12% of the LB and EB modules were
subjected to beams of particles, TestBeam (TB), before integrating the Tile
Calorimeter. The beams used were electrons, muons and hadrons.
The objective of the electron beam was to provide the conversion factor
charge-to-energy (CpC→GeV), already discussed. The electrons used had an
energy of 20 to 180 GeV and with an incident angle θ = 70◦ (η = 0.35).
The radiation length of Iron is extremely low (X0 = 1.8 cm), so the EM
shower from the electrons is confined to layer A. That’s why the calibration
with Cesium is important, as it propagates the EM scale to all the layers.
This irradiation obtained a RMS spread in the energy response of 2.4%
in the 200 cells present in this study. The EM scale factor obtained was
1.050±0.003pC/GeV and the curve is presented in Figure 3.10.
The muon beam, with an energy of 180 GeV, was used also with a
θ = 90◦ angle, reaching all the tile rows. This showed that there was a need
to correct the Cesium calibration for the BC and D layers. Over the 4 years of
TB data taking, the RMS obtained, with this beam, for the energy response
was 1.1% for LB and 1.2% for EB.
The hadron beams used contained protons and charged (positive and
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Figure 3.11.: Response of the irradiated TileCal modules to pions.
negative) pions, with an energy range between 10 GeV and 350GeV, with a
incident pseudorapidity of η = 0.35. The results are presented in Figure 3.11.
The main purpose was to study the TileCal response to jets. The response
of these beams was used to probe the ratio between the EM scale (with the
electrons) to the beam energy. The value obtained was
e
h
= 1.356±0.013 (3.7)
in agreement with previous studies and within the TileCal requirements.
The energy resolution obtained for the Tile Calorimeter, using the TestBeam
is present in equations 3.8 for electrons and 3.9 for hadrons.
σ(pT)
pT
=
28%√
GeV
⊕2.8% (3.8)
σ(pT)
pT
=
(52.9±0.9)%√
GeV
⊕ (5.7±0.2)% (3.9)
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4. Commissioning of TileCal with
cosmic muons
The commissioning of TileCal began in 2005, when it was installed
in the ATLAS cavern and the first cosmic muons were recorded on June
21st. The combined calorimeter commissioning with cosmics started on
December, 2006 and lasted until the LHC startup in September 10th, 2008.
Nine days later, there was a leakage of helium into the LHC tunnel. The
LHC halted for more than a year to repare the damaged sector. Meanwhile,
the commissioning with cosmics continued.
The precisio of the calibration in time, using the single beam of LHC,
within a TileCal module was 1ns and 2ns within a partition. These results
were confirmed, independently, using the cosmic muon runs. The EM scale
was also probed with cosmic muons to cross-check the results obtained with
TestBeam. According to the cosmic run analysis submitted for publication
in ref. [14], the estimator used was consistent with the result of TestBeam
with an uncertainty of 4%. The uniformity obtained using the energy loss
was within 5% for the three layers.
4.1. Cosmic Rays
This thesis work regards the study of the Tile Calorimeter energy
response using cosmic ray muons. Thus a brief introduction is made
regarding cosmic rays [1].
Cosmic rays are charged particles originated from outer space. The
name ray is historical and some what misleading: a cosmic ray is just one
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Figure 4.1.: Cosmic ray shower. Production of cosmic muons.
particle and not a beam of particles. Their composition is 89% of protons,
10% of alpha particles and about 1% of electrons. Most of them come from
the sun and have low energy. In the other extreme, cosmic rays with energies
above 1020eV were already measured.
Cosmic ray muons (or simply cosmic muons) are muons that were
produced in a cosmic ray shower in the atmosphere (Figure 4.1). A muon
lifetime is about 2.2 ms and it will decay into an electron (and two neutrinos).
However, since the muon is highly relativistic, it can reach the Earth’s surface
before decaying.
The particles from the cosmic shower that aren’t absorbed at the
atmosphere will arrive to the ground and the only ones able to reach —
and leave signal — in the ATLAS detector are these cosmic muons. Figure
4.2, shows the momentum distribution of the cosmic rays at the surface.
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Figure 4.2.: Spectrum of the momentum of the cosmic rays at the
surface.
4.2. Energy loss of muons in TileCal
The interaction of muons with matter is well understood, at energy
scales provided by accelerators and, the prediction of this response is reliable,
so it can be used to provide information on the detector performance.
Considering a muon with very high energy, it will lose most of its energy
through radiative processes and the energy loss can be estimated by:
dE
dx
∝ b(E) ·E (4.1)
where E is the total energy, and b(E) is the component duo to the
radiative processes. Among them, there is Bremsstrahlung, pair production
and photonuclear interactions. The first two were already discussed in
Section 3.1.1. In photonuclear interactions, the muon excites the nuclei,
which in turn emits one of its nucleons. As it reaches lower energies,
the ionization and the radiative processes start to compete and, as already
discussed, these components have equal weights when the muons reaches
the critical energy (EC). Beyond that, the radiative processes continues to
decrease. The ionization also decreases until a minimum and then it starts
39
4. Commissioning of TileCal with cosmic muons
to rise again. When a muon reaches a point, where its kinetic energy was
exhausted, it decays into a electron and a neutrino pair:
µ−→ e−+ ν¯e +νµ (4.2)
During one of the TileCal detector operation shifts at CERN, I spotted
the muon presented in Figure 4.3. Manually, I added the track of that muon.
It passes through TileCal, without entering any other calorimeters and with
no trace in the Inner Detector.
The measured energy depends strongly on the crossed path length
(Figure 4.4) so, in order to reduce the variations due to this effect and provide
an independent quantity, the energy response is probed by dividing the
energy measured in cells along the path in the calorimeter, by the crossed
path length of the muon. In this document this ratio is referred to as energy
loss, with units of MeV/mm.
Combining available tables [15] of the energy loss for muons in iron
and in polystyrene, an approximation of the expected energy loss for TileCal
is achieved. The ratio of path travelled in the iron and path travelled in
the scintillating tile is proportional to the sampling fraction [16] and this
varies along the angle. Thus the ratio, used to make the weighting of both
materials, was the volume fraction between them:
Viron ≈ 4.7 ·Vscintillator (4.3)
The curve obtained is presented in Figure 4.5.
4.3. Cosmic muon reconstruction with the
TileMuonFitter algorithm
TileMuonFitter (TMF) is a track reconstruction algorithm using only
TileCal cells information, that was developed for the data analysis in the
cosmic muon commissioning phase of ATLAS [17].
The three main steps of the TMF algorithm are:
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Figure 4.3.: Muon observed during a TileCal operation shift.
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Figure 4.4.: Variation of the energy deposited with the muon crossed
path length.
• Event and cell selection: only events with at least one cell in the top
part and one cell in the bottom part of the calorimeter with measured
energy above 250 MeV are accepted. These cells are used for the next
step.
• Track-finding: the positions of the selected cells (their center) are used
to fit a straight line weighted by the energy density in each cell, ignoring
the track curvature due to the solenoid magnetic field. This step is
described in detail in Section 4.3.1
• Calculation of derived parameters: once the track is found, a set of
derived track quantities, such as segment path lengths, energy sums,
mean time, etc. These are described in Section 4.3.2.
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Figure 4.5.: Energy loss estimation in TileCal using data from [15].
4.3.1. Hough Transform
Following an initial implementation, with a simple Minuit-level chi-
square fit [17], the main track-finding algorithm was implemented with the
Hough Transform [18, 19], that intrinsically provides noise reduction and
allows the recognition of multiple tracks.
The Hough Transform (HT) is a well known technique, aiming at
detecting data tracks in noisy and missed information environments, which
is used here for straight-line detection. Due to the low signal-to-noise ratio of
the cosmic muon interaction, this approach has proved to be highly efficient
in the commissioning phase of ATLAS using cosmic rays, overperforming
the initial method implemented in TMF based on least-squares fitting.
For the straight-line detection, HT maps the data input space into a
parameter space using either a linear or sinusoidal function. In the sinusoidal
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case, the mapping function is
ρ = xcosθ+ ysinθ (4.4)
where the straight-line parameters are ρ, the distance of the target straight-
line from the origin; and θ, the angle measured with respect to the positive
x-axis. This way, the points in the x-y plane located on the straight-line
ρ0 = xcosθ0 + ysinθ0 are mapped into curves in the ρ-θ plane, that pass
trough the point (ρ0,θ0).
To fit a straight line to a set of data points, both ρ and θ axes have to be
quantized and hence a two-dimensional accumulator array is constructed
in the ρ-θ plane. The HT equation is applied to each data point and the
contents of the accumulator are incremented for the cells in the parameter
space, which were hit by the transformation. Then, a search is performed
to locate a number of bins in the parameter space with high accumulation
values.
The implementation of the HT-based 3-D track finding in TileCal is split
into two 2-D steps, according to the sequence (see also Figure 4.6):
• After the cell selection, the corresponding cell center point is projected
onto two orthogonal planes, XY and ZY.
• Find the target straight-line track on each plane using the HT method.
• Merge the 2 lines in a 3-D track.
In Figure 4.6 it is also possible to see a bad reconstruction of the track
given by a simple linear fit and the final reconstruction.
The TMF algorithm, with the HT, was adapted to be able to fit horizontal
tracks, instead of the mostly vertical cosmic muons. This feature was used
to display event tracks in the first LHC data runs, with single-beam, in 2008.
4.3.2. Derived track parameters
After the HT method identifies the track, the TMF algorithm uses it
and calculates the orthogonal distance from each cell center to the track. If
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Figure 4.6.: Example of a cosmic ray detection using HT. After the
initial selection of cells, HT projects them into the XY and
ZY planes and, after doing the linear fit in both, merges
the information to reconstruct the 3-D track.
that distance is inferior to a layer dependent parameter, TMF collects the
information from it. The TMF algorithm divides the reconstructed track
in segments, according to the intersections with the layer and module
boundaries. TMF also retrieves the segment length, by calculating the
interception points between the track, and the cylinders corresponding to
the layer borders and the modules and partitions border planes.
An example is presented in Figure 4.7 where layer A contains segments
4 and 5, layer BC has segments 2 and 3 and layer D has only segment 1. The
TileCal module geometry is imported from the database in order to calculate
the length travelled.
The main track parameters determined by the TMF for a cosmic muon
event are:
• Point of interception between the reconstructed track and the plane
Y = 0. In the distribution presented in Figure 4.8(a), the events are
located in the region corresponding to the ID, since an ID track was
required for the dataset;
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Figure 4.7.: Division of a track into five segments.
• Time of this interception;
• Direction of the reconstruction track (θ and φ), presented in Figure
4.8(b);
• Energy deposited by the muon in each TileCal layer within the track’s
vicinity;
• Path travelled in the TileCal;
• List of cells along the path, corresponding energy (Figure 4.9(a)) and
segment length (Figure 4.9(b)).
Direction of the reconstructed muon track The muons come from every
direction but the preferable direction to reach the ATLAS cavern is vertical,
since they are attenuated by both walls and ceiling of the cavern. Also
there are two chimneys, presented in Figure 4.10, where the ATLAS systems
passed before being assembled. TMF gives their azimuthal angle (φ) and
the angle with the beam axis (θ). 70% of the events recorded were in the
azimuthal angle range of −120◦ < φ < −60◦. Figure 4.11 shows the direction
of the cosmic muons using these two angles and the effected caused by
the chimneys can be seen in the Figure 4.11(b). This effect provides more
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statistics in side C. This is not contemplated in this work since both sides
of LB are treated together, and the same for both EB partitions, to improve
statistics. In Figure 4.11(a), there are some tracks with bad reconstruction
since they appear to come from beneath the detector.
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(b) Variables θ and φ direction of the reconstructed track.
Figure 4.8.: Variables retrieved by the TMF algorithm.48
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Figure 4.9.: Variables retrieved by the TMF algorithm (Cont.). 49
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Figure 4.10.: Chimneys (shafts) of the ATLAS experiment cavern.
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Figure 4.11.: Directions of the muons detected by TileCal.
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5. Dataset and selection cuts
5.1. Datasets
During the commissioning phase, there were several integration periods
in which all the available subdetectors would participate in common data-
taking, using specific triggers for cosmic muons1. This analysis uses
data from the Autumn 2008 integration period, the first in which all the
subdetectors were operational.
Since the muons come close to vertical (Section 4.3.2), with the
constraints imposed requiring by a ID track, the horizontal modules of
TileCal will have low population. To try to extend the coverage to include the
other modules, another stream was used, that didn’t require a track in the ID.
These streams are the Cosmic Downward Muons and RPC Commissioning
streams but, for simplicity, they are referred to as the RPC dataset.
A Monte Carlo (MC) simulation was produced, using the ATLAS
geometry reconstruction. In the simulation, as for both data streams, both
solenoid and toroid were active. Only muons that passed through the
Transition Radiation Tracker (TRT) were selected, this MC is also designated
as ID-Volume.
Table 5.1 presents information about the runs: run number, run duration
and number of events.
1The first of these triggers was based on the TileCal signals.
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Dataset Run Number Run time Number of events
ID-COMM
91885 9 h 00 m 116974
91888 6 h 50 m 84717
91890 9 h 25 m 124873
91891 11 h 20 m 108925
91900 14 h 00 m 165913
RPC 91387 9 h 00 m 329251
MC 108867 - 787732
Table 5.1.: Run time and event statistics.
5.2. Geometrical selection
If the interception point (x,0,z), retrieved from the TMF parameters, is
outside the geometrical window (|x| < Xcut∧ |z| < Zcut), the event is discarded.
The geometrical window is chosen to be slightly larger than the ID for the
dataset ID-COMM and slightly larger than TileCal for the RPC dataset. Since
the MC calculation was made in function of the ID-COMM dataset, the same
geometrical window is applied. The values are presented in Table 5.2.
Dataset Xcut Zcut
ID-COMM 1200 mm 1400 mm
RPC 4840 mm 6600 mm
Table 5.2.: Geometrical window cuts applied.
Muon tracks, close to the vertical direction, are badly measured due
to the strong variation in the sampling fraction, caused by the vertical
orientation of the scintillating tiles. Figure 5.2 shows a distribution of energy
loss for a full track in function of the angle with respect to the vertical plane
X−Y. A higher value of the energy loss is observed for small values of
|90◦−θ|, as expected, due to the higher fraction of energy deposited in the
scintillating tiles. From this distribution we derive a selection cut of 8◦ in
the |90◦ −θ| variable. Although there is a variation of about 8% after this
cut, the objective is to remove the 35% of the variation without this cut.
A compromise had to be done between the energy loss variation and the
statistics, since muons are mostly vertical.
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Figure 5.1.: Effect of the sampling fraction in the energy loss.
The TMF precision was evaluated using Monte-Carlo simulations and
by comparing, per-event, the track parameters with the generated track
parameters also referred to as the Monte-Carlo truth data [20, 21]. The results
obtained for the two angles θ and φ, that define the track, are presented in
Figure 5.2. The precision from the FWMW of the distribution obtained,
for both angles is about 2◦. For the coordinates in the XZ plane, the same
exercise was carried out and the results are presented in Figure 5.3. The
FWMW of both histograms, corresponding to the coordinates X and Z, is of
the order of 200 mm. The precision is poor but it is something expected due
to the large cell sizes. In fact, the 200 mm value corresponds, approximately,
to the width of a A cell in the Long Barrel partition that is the best possible
precision that can be achieved with an algorithm with the characteristics of
the TMF.
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Figure 5.2.: Angular precision for the zenith angle θ and azimuth
angle φ. The histograms entries are per-event differences
between the reconstructed and the generated angles.
Figure 5.3.: Position precision in the X and Z-coordinate, both at the
horizontal plane (Y = 0) crossing. The histograms entries
are per-event differences between the reconstructed and
the generated positions.
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Figure 5.4.: Distribution of the muon momentum.
5.3. Momentum selection
A selection window in the muon momentum is also applied, with
10 < pµ < 30 GeV/c. The lower value is due to multiple scattering that
will change the trajectory of the muon. The upper limit is used to restrict the
range to where ionization is the dominant energy loss mechanism to avoid
fluctuations due to radiative energy losses.
5.4. Noise rejection
In order to reject cells with a signal compatible with the noise (Figure
4.9(a)), a 60 MeV cut is applied in the cell energy.
Another method to restrict noise is by means of the time difference
between the two PMTs belonging to a cell. The selection cut is chosen so that
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any cell with a time difference higher than 6 ns is discarded: |∆t| < 6 ns [22].
Taking this into account, only cells with both PMTs operational are included
in this study.
5.5. Small path length rejection
It was realized that for small distances travelled by the muon in a given
segment there is an overshoot in the energy loss value (Figure 5.5). This is
due to the fact that the relative error on the path length due to the uncertainty
in the track reconstruction is of course larger small paths. To prevent this bias
from poorly calculated small paths, an additional cut is applied to remove
segments that have this distance lower than a given value.
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Figure 5.5.: Effect of small reconstructed lengths in the energy loss.
The cut length is chosen to be slightly above the height size of the cells
for ID-COMM dataset. For the reason already mentioned, the same cut is
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applied for the MC.
The muons are mainly vertical so, the crossed path by the muon in the
RPC data set is different along the modules. Each TileCal cell is trapezoid
thus the expected lower value of the crossed path is the lower base in the
horizontal modules. The values for this cut can be found in Table 5.3.
Length Cuts (mm) Layers
DATASET Partition A BC D
ID-COMM LB 310 855 390EB 310 550 700
RPC LB 221.3 249.5 332.0EB 302.6
Table 5.3.: Crossed path length cut values.
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6. Energy response of TileCal
We can summarize the analysis steps presented until now to obtain the
energy distribution:
• The TMF algorithm, using the Hough Transform, reconstructs the track
of the muon, retrieves the values of energy of the cells and the length
of the track segments correspondent to the cells in each layer/module.
• With these two quantities the energy loss is estimated in [MeV/mm],
in each layer and each module.
• Selection cuts are applied to the event itself and to the parameters of
the cells.
• The distribution of the energy loss is obtained.
6.1. Distribution of the energy loss and
truncation
Figure 6.1 presents, in a histogram format, the energy loss distribution
for layer A. This represents a typical distribution of the energy loss and
it shows low statistics — less than ten entries per bin of energy loss (0.1
MeV/mm) — in the high-value-tail. If the value chosen to characterize
the energy loss, in a given layer/module, was the average over all values
collected, we would have fluctuations on the energy loss with a great
dependence of small number of values.
To reduce the effect of this dependence on high values of energy loss,
1% of the events in the high-value-tail of the energy loss are removed. This
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procedure is called truncation and is presented here: a list is filled with the
energy loss values and sorted. Knowing the list size, 1% the high values are
removed before taking the average.
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Figure 6.1.: Energy loss for layer A using all modules.
Taking as example the energy distribution in Figure 6.1, we have 9696
events (Entries + Overflow) which means that 970 events from the high value
tail are removed (in this particular case above 5.1MeV/mm). This shifts the
average energy loss from 1.318MeV/mm to 1.282MeV/mm and reduces the
RMS by 28%. All the following values of the energy loss are the truncated
mean so, the definition of the energy loss, presented in Section 4.2, extends
to include the truncation.
This procedure follows closely the analysis with the ID-track method
[23], in order to allow an easier comparison.
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6.2. Types of results
There are two types of results with which the EM scale is validated:
results for layers and results for modules.
First, in order to to optimize the statistical precision, the data points
for all cell/segments in the same layer are grouped before the truncation is
carried out.
In the ID-track study, the momenta of muons is measured in the Inner
Detector and the only bottom modules are used, to assure that muons deposit
their energy right after their momentum is measured. In this work the
muons’ momenta are measured in the RPC, in the Muon Spectrometer above
TileCal, but still the results presented are the average energy loss for bottom
modules to provide a mean of comparison with ID-track. Using the energy
loss estimation for TileCal (Figure 4.5), a calculation was made to have the
energy of the muon after it travels a given path in TileCal.
Three momenta were used within the selection made by the RPC
detector: 10, 20 and 30 GeV. Figure 6.2 presents the energy lost by the
muon along the muon track using the stopping power calculated in TileCal
(Figure 4.5). The difference, after crossing three meters of TileCal, for initial
momentum between 10 GeV/c and 30 GeV/c was only 0.5 GeV/c.
The second result was obtained for modules, i.e., in which modules are
dealt with separately. The main goal is to probe the uniformity over φ of the
TileCal detector. It is expected for these results to have less statistics since
data are divided into 64 (modules) × 4 (partitions). In order to counteract
this effect, data from both LB partitions and both EB partitions are dealt
together, canceling the effect of the shafts in the ATLAS cavern, that allows
a maximum of cosmic muons on the side C of TileCal. Thus, layer/modules
are treated in pairs (sides A and C) before the truncation is carried out. This
pairing is also used for the layer results to cancel this effect.
Since the cosmic muons are mostly vertical, it is expected to have low
population in the horizontal modules for the ID-COMM data stream, a result
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Figure 6.2.: Deposited energy along the muon track. The length mark
represents a muon coming perpendicular to the module,
travel the shortest path until the ID.
also obtained for the ID-track method. This was the major reason to use RPC
the data stream, that didn’t need the constraints of having a track in the Inner
Detector.
6.3. Energy loss results for layers
6.3.1. Stability of the energy loss value for different runs
An important concern for the EM scale of TileCal is for this value to be
stable over time, or by other words, to have a good repeatability. In order to
present this, the bottom modules energy loss was studied for the five runs
from the ID-COMM stream separately. Figure 6.3 present the result for both
LB and EB. The combination of these runs is the designated results for layers,
with the ID-COMM data stream and is presented in the figure with the label
“All”. Since the MC produced is similar to the ID-COMM stream, the data
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over MC ratio is also shown.
The variation is calculated as the half difference between the maximum
and the minimum results over the five runs for the three layers separately.
The results of this variation in the LB are less than 1% for the three layers. For
EB, this variation is about 2% for the three layers, but the value is expected
to be worse due to ID-COMM stream limited coverage since, along the beam
direction, there is no overlap between ID and the TileCal EB.
6.3.2. Systematic uncertainties estimation
The uncertainties are considered as a propagation of the uncertainties
of the variables used either in the energy loss calculation, or in the event
selection. A dedicated study of the systematic uncertainties was carried out.
Similar to the variation calculation for the stability, each systematic
uncertainty is defined as the half difference between the maximum and the
minimum of the set of energy loss value.
Representing the repeatability of the method, the variation over the five
runs is itself considered as a systematic uncertainty contribution, calculated
as the half difference between the maximum and minimum value.
In Section 6.2, the mismatch measurement was discussed: the muon
momentum is measured in the RPCs (above TileCal) and the energy loss
is averaged in the bottom modules. This effect is taken into account by
considering the half difference betwen the top and bottom modules energy
loss as a systematic uncertainty, referred to as “TOP/BOTTOM”. In this case
the set of energy loss value has only two entries (for each layer/partition
pair).
The procedure used to find the systematic uncertainty for the data/MC
ratio is: first the ratio is obtained for each of the data-MC pair in the set of
energy loss value, and only after, the variation is found through the technique
already described. This procedure was the same used in the ID-track analysis
[24]. In the repeatability contribution, no systematic uncertainty is associated
to the MC since the is corresponds to only one “run”. Nevertheless, it
is possible to divide the energy loss value of each run by that MC run
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calculation and therefore obtain a data/MC ratio contribution.
The procedure to obtain the set of energy loss uncertainties for the
selection cuts (except momentum and path) is : the selection cuts are varied
by a value, corresponding roughly to the estimated precision of each cut,
and the positive/negative change in the energy loss value are considered as
a uncertainty interval. A summary of the nominal cuts and the respective
variation is presented in Table 6.1. This means that there will be three sets
of energy loss values (nominal, positice and negative variation) to find each
systematic uncertainty contribution.
Selection Cut Value Variation
θ 8◦ ±2◦
X(ID-COMM) 1200 mm ± 10 %X(RPC) 4840 mm
Z(ID-COMM) 1400 mm ± 10 %Z(RPC) 6600 mm
Cell energy 60 MeV ± 30 MeV
Time difference 6ns ± 1ns
Truncation 1% +1.5%-1%
Table 6.1.: Variation to the cuts.
The geometrical cuts variation (X,Z,θ) were chosen taking into account
the precision of those track parameters, estimated with the MC calculation
[20] presented on Figure 5.2 and 5.3. Both cell energy and truncation
variation were the same chosen for the ID-track analysis. This last one
is the only selection cut with asymmetric variations of the cuts. The value
2.5% is related to the previous value chosen in the ID-track analysis and the
0 % gives the effect between using the truncation and not.
A different approach was used to calculate the contribution for
momentum. The selection window was divided into five intervals of 4
GeV/c each (the truncation was applied to the global energy loss values).
The energy loss was averaged for each of the momentum intervals and the
results are presented in Figure 6.4. The results obtained for one layer are
presented in Figure 6.6 where the energy loss error bar corresponds to the
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RMS values.
The same approach was tried for the path contribution, using five equal
intervals of the crossed path between the minimum and the maximum length
obtained. This found to be inappropriate due to the difference of two and
three orders of magnitude in the statistics between the first and last interval.
This is visible in the Figure 6.5 where the energy loss error bar is given by
the RMS of the values. To solve this problem, the choice was to create five
intervals with equal statistics.
Finally, there is the contribution associated to the calibration of the
electromagnetic scale from testbeam. The values presented were retrieved
from ref [14]. The upper values corresponds to the magnetic field and the
other variation includes also the up-drift of the Cesium calibration response.
6.3.3. Systematic uncertainties results
Each one of these individual systematics uncertainties are presented in
Tables 6.2 and 6.3. The final uncertainty is calculated by a sum in quadrature
of the individual ones. The spreedsheets with which the calculation were
made are available in the digital format of this thesis.
The systematic uncertainties don’t have all the same weight in the final
contribution. The values with the highest contribution are: cell energy noise,
muon momentum, crossed path length and the truncation.
The truncation affects the final systematic uncertainty of all the layers in
both partition with a variation between 3% and 5% of the energy loss value.
Still, truncation results for MC give a similar variation and the data/MC ratio
uncertainty is about 2%. For RPC, this contribution is around 4% for LB and
up to 6% for EB.
Due to the constraints imposed, the muon will have similar energies
when it passes in layer A, top and bottom. The same doesn’t apply for other
layers, since the muon will lose its energy in the inner layers. The energy loss
value has a great dependence on the instantaneous value of its momentum.
Thus, the A layer contribution is about 1% (2%) in LB (EB) for both datasets.
In the other layers, this contribution rised up to 9% for the ID-COMM dataset
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Systematic Uncertainties [MeV/mm] for ID-COMM Data Set
Uncertainty source Long Barrel Extended BarrelA BC D A BC D
Path
Data ±0.054 ±0.015 ±0.020 ±0.016 ±0.007 ±0.075
MC ±0.058 ±0.035 ±0.031 ±0.036 ±0.007 ±0.039
Data/MC ±0.009 ±0.039 ±0.018 ±0.028 ±0.028 ±0.051
Truncation
Data ±0.066 ±0.047 ±0.054 ±0.070 ±0.045 ±0.048
MC ±0.051 ±0.032 ±0.041 ±0.048 ±0.039 ±0.037
Data/MC ±0.010 ±0.011 ±0.018 ±0.017 ±0.006 ±0.012
Momentum
Data ±0.015 ±0.104 ±0.095 ±0.031 ±0.093 ±0.042
MC ±0.017 ±0.073 ±0.068 ±0.023 ±0.062 ±0.059
Data/MC ±0.004 ±0.024 ±0.016 ±0.014 ±0.051 ±0.036
Noise
Energy
Data ±0.013 ±0.004 ±0.029 ±0.048 ±0.028 ±0.035
MC ±0.025 ±0.011 ±0.040 ±0.110 ±0.039 ±0.057
Data/MC ±0.009 ±0.006 ±0.012 ±0.040 ±0.012 ±0.016
Noise
Time
Data ±0.002 ±0.007 ±0.002 ±0.018 ±0.015 ±0.006
MC ±0.006 ±0.010 ±0.016 ±0.008 ±0.011 ±0.008
Data/MC ±0.003 ±0.006 ±0.012 ±0.007 ±0.009 ±0.005
TOP
BOTTOM
Data ±0.000 ±0.005 ±0.013 ±0.016 ±0.010 ±0.008
MC ±0.016 ±0.009 ±0.023 ±0.026 ±0.010 ±0.004
Data/MC ±0.012 ±0.011 ±0.007 ±0.007 ±0.016 ±0.003
Theta
Data ±0.003 ±0.002 ±0.000 ±0.000 ±0.000 ±0.000
MC ±0.005 ±0.008 ±0.016 ±0.002 ±0.007 ±0.006
Data/MC ±0.002 ±0.006 ±0.013 ±0.003 ±0.006 ±0.006
X
Data ±0.001 ±0.001 ±0.000 ±0.001 ±0.000 ±0.000
MC ±0.002 ±0.007 ±0.015 ±0.003 ±0.007 ±0.006
Data/MC ±0.001 ±0.006 ±0.012 ±0.001 ±0.006 ±0.005
Z
Data ±0.000 ±0.000 ±0.000 ±0.002 ±0.003 ±0.002
MC ±0.001 ±0.007 ±0.015 ±0.002 ±0.007 ±0.006
Data/MC ±0.001 ±0.006 ±0.012 ±0.003 ±0.007 ±0.006
Five runs
stability
Data ±0.008 ±0.011 ±0.012 ±0.024 ±0.028 ±0.024
MC − − − − − −
Data/MC ±0.006 ±0.009 ±0.009 ±0.018 ±0.021 ±0.018
Global EM
scale
factor
Data +0.005 +0.005 +0.005 +0.000 +0.000 +0.000−0.013 −0.013 −0.014 −0.008 −0.008 −0.008
MC − − − − − −
Data/MC +0.004 +0.004 +0.004 +0.000 +0.000 +0.000−0.010 −0.010 −0.010 −0.006 −0.006 −0.006
TOTAL
Data +0.088 ±0.117 +0.116 ±0.098 ±0.112 ±0.107−0.089 −0.117
MC ±0.084 ±0.090 ±0.102 ±0.130 ±0.085 ±0.098
Data/MC +0.022 ±0.052 +0.043 ±0.058 +0.066 ±0.096−0.024 −0.044 −0.067
Table 6.2.: Systematic uncertainty for the ID-COMM dataset
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Systematic Uncertainties [MeV/mm] for RPC Data Set (Data only)
Uncertainty source Long Barrel Extended BarrelA BC D A BC D
Path ±0.067 ±0.062 ±0.058 ±0.088 ±0.020 ±0.127
Truncation ±0.053 ±0.039 ±0.046 ±0.082 ±0.053 ±0.040
Momentum ±0.013 ±0.054 ±0.035 ±0.029 ±0.042 ±0.055
Noise Energy ±0.001 ±0.005 ±0.023 ±0.046 ±0.020 ±0.037
Noise Time ±0.004 ±0.006 ±0.004 ±0.006 ±0.006 ±0.003
TOP/BOTTOM ±0.035 ±0.018 ±0.020 ±0.008 ±0.020 ±0.014
Theta ±0.005 ±0.003 ±0.005 ±0.008 ±0.006 ±0.002
X ±0.000 ±0.000 ±0.000 ±0.000 ±0.000 ±0.000
Z ±0.000 ±0.000 ±0.000 ±0.000 ±0.000 ±0.000
Global EM scale factor +0.005 +0.005 +0.005 +0.000 +0.000 +0.000−0.013 −0.013 −0.014 −0.008 −0.008 −0.008
TOTAL + 0.094 ± 0.094 ± 0.088 ± 0.133 +0.076 ± 0.150− 0.095 −0.077
Table 6.3.: Systematic uncertainty for the RPC dataset
but in the RPC stream, with better coverage, is only 3-4%. As before, the MC
has similar variations, giving a value of 2% in LB for the data/MC ratio.
The sensitivity to the variation of the energy cut gives a contribution of
2-3% for the cells of the three layers in the EB and of layer D in the LB for
both datasets. Also, for both data streams, for layers A and BC the variation
in the LB partition is less than 1% of the energy loss value.
As for the contribution of the crossed path length, we see that it’s the
dominant contribution for the RPC dataset up to 9% of the energy loss value
for layers D in the EB. This contribution tends to be dependent on the size of
the cell, that’s why it constitutes about half of the final systematic uncertainty
for layer A in LB in the LB for ID-COMM.
The contribution for the five runs stability was already discussed in
Section 6.3.1. For the ID-COMM data stream the TOP/BOTTOM grows with
the layer in LB. This systematic has a large correlation with the momentum
one. As the muon passes through the TileCal Iron, it will lose energy. Thus,
there will be a relation between the loss of momentum along the track and the
energy loss between the averaged value in the top and bottom modules.Also,
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to enable the presence of a track in the Inner Detector, most of the EB results
belong to a EB-to-EB track (Figure 6.7). This corresponds to at the same
time the maximum distance crossed by the muon in TileCal. For the RPC
data stream, this difference is higher, since the muon track can have a wider
range of directions, especially having tracks between LB and EB partitions
and having tracks that don’t leave the TileCal.
The systematic uncertainty contribution for the geometrical window
(X,Z) is negligible for both datasets, for LB and EB and for the three layers.
Also in both datasets, the variation of the θ cut gives a contribution less than
1%. For the EB partition, the angular constraints imposed by the ID-COMM
data stream contain the angle selection cut applied, so this variation is not
considered.
The systematic uncertainty contribution for the time difference between
the two PMT channels is less than 1% for the LB partitions with ID-COMM
and for all partitions with the RPC dataset. The value presented at the EB
partitions of ID-COMM dataset up to 2% in layers A and BC is probably due
to the low populations in the datastream.
6.3.4. Statistical uncertainties
The statistical uncertainties were calculated, dividing the standard
deviation of the energy loss in each layer/partition, by the square root of
number of events that passed the selection cuts.
In Table 6.4, it is presented these uncertainties for the two datasets.
Datasets Layer A Layer BC Layer D
ID,LB 0.005 0.005 0.005
ID,EB 0.019 0.022 0.022
RPC,LB 0.015 0.014 0.018
RPC,EB 0.024 0.023 0.026
Table 6.4.: Statistical uncertainties for both datasets.
Clearly, the statistical uncertainty for the RPC dataset is higher than the
one for the ID-COMM dataset. in one hand, there are more events recorded
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in the last stream, on the other hand, the statistics are spread out through all
the detector in the RPC stream and in the ID-COMM stream they are mostly
in vertical modules and in the Long Barrel.
6.3.5. Results
In order to make a comparison to the previous work [14], their
energy loss results are presented in Table 6.5. That analysis also used the
Commissioning ID-COMM dataset and, since it uses tracks reconstructed in
the ID and propagates them to the TileCal, it is referred to as ID-track.
Radial layer A BC D
ID-track,LB
Data 1.28+0.03−0.04 1.32 ± 0.05 1.35 ± 0.04
MC 1.32 ± 0.04 1.35 ± 0.05 1.34 ± 0.04
Data/MC ratio 0.07+0.01−0.02 1.03 ± 0.05 1.05 ± 0.04
ID-track,EB
Data 1.27 ± 0.06 1.29 ± 0.06 1.32 ± 0.05
MC 1.31 ± 0.03 1.32 ± 0.06 1.34 ± 0.05
Data/MC ratio 0.97 ± 0.04 0.98 ± 0.03 0.99 ± 0.02
Table 6.5.: Energy loss results for layers for the ID-track analysis.
From ref [14].
The results obtained for energy loss value, using the nominal cuts,
are presented on Table 6.6. The uncertainties, shown in the Table, are the
quadratic sums of the systematic uncertainties presented in Tables 6.2 and
6.3 with the respective statistical uncertainties presented in Table 6.4. The
exception are the errors presented for the ratio ID(-COMM)/RPC, which are
calculated using simple error propagation rules.
The difference in the data/MC ratios between the ID-COMM dataset
with TMF and ID-track methods is about 5% in the LB partition, obtaining
similar results for the EB. Also the uncertainties are higher, from 7% in layer
A and up to 9% in layer BC for the LB. Nevertheless, these results correspond
to the MC calculation with a ratio difference to one of +0.02, +0.05 and +0.04
for layers A, BC and D, respectively.
Another important result is the 3% difference between layer D and
layer A for the LB. This difference is also observed in the ID-track method,
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Radial layer A BC D
ID-COMM,LB
Data 1.35 ± 0.09 1.35 ± 0.12 1.39 ± 0.12
MC 1.32 ± 0.08 1.31 ± 0.09 1.33 ± 0.10
Data/MC ratio 1.02 ± 0.02 1.03 ± 0.05 1.05 ± 0.04
ID-COMM,EB
Data 1.29 ± 0.10 1.31 ± 0.11 1.31 ± 0.11
MC 1.33 ± 0.13 1.30 ± 0.09 1.32 ± 0.10
Data/MC ratio 0.97 ± 0.06 1.01 ± 0.07 0.99 ± 0.10
RPC, LB Data 1.33 ± 0.10 1.34 +0.09−0.10 1.38 ± 0.09
RPC, EB Data 1.43 +0.13−0.14 1.39 ± 0.08 1.42 ± 0.15
Ratio ID/RPC, LB Data 1.01 ± 0.10 1.01 ± 0.11 1.01 ± 0.11
Ratio ID/RPC, EB Data 0.90 ± 0.11 0.94 ± 0.10 0.92 ± 0.12
Table 6.6.: Energy loss results for layers.
validating (even with larger errors) an indication for a layer miscalibration.
This difference is reduced in the EB. With TMF, the value for layer BC is
closer to layer A, as for the other analysis it is similar to layer D.
For the RPC dataset the results were similar, with a difference
between layer A and layer D of 4%. The ratio between the two datasets
gives a difference of 1% between ELV, giving a good agreement for the
reproducibility of the method. The 10% error obtained for this ratio is the
result of simple propagation rules that overestimate the error since it doesn’t
take in consideration the various correlations present.
The EB results for ID-COMM were similar in all layers, contrary to the
LB. The result for the data/MC ratio was again close to one but now with
twice the error value. The RPC gives also results similar for the three layers
but this time the difference between the two data stream was greater: 6-10%.
6.4. Energy loss results for modules
Duo to the directionality of the muons, close to vertical, it is expected
for some modules to have low population. Taking this into account and
ensuring that the truncation is applied to every module — removing at least
one event — this study requires at least 100 events in a module pair to be
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accepted.
The uniformity plots presented in figures 6.10 and 6.12 were normalized,
dividing the average energy loss of each module by the global average in
all the modules, weighted by the RMS. The difference between this global
average, with which the normalization is made, and the results by layer for
the bottom modules together is the moment in which the truncation is made.
A summary of the non-normalized plots is presented in Figures 6.11 and 6.13
in a histogram format. Here the average of the non-normalized uniformity
plots is present as well as the absolute RMS. Finally, the number of modules
present in the analysis is also shown.
To provide a comparison to the values expected by MC, the data/MC
ratio is presented in the uniformity plots also normalized. Present in every
distribution is also a dashed line , representing a 5% deviation from the
normalized energy value.
6.4.1. Limited coverage (ID-COMM) results
The normalized data values of the energy loss present a dependency
with φ in the top modules, for LB layer A, in Figure 6.10(a). This effect is
also present in the MC (so it should be a geometrical bias in the analysis
method and not a calibration disuniformity), and the data/MC appears quite
flat, with a uniformity better than 2% for 36 of the 49 modules.
To avoid giving misleading information because of this dependence,
the limited coverage results, studied by the ID-COMM data stream, will
be referred to the data/MC ratio. In addition to the two percent range, a
variation of less than 5% is obtained in 47 modules. Due to the directionality
of cosmic muons and the constraints from the ID-COMM selection, the
number of modules are constant — about 47 — and are the same in all the
layers of the LB modules. These conditions also explain the phenomena in
the EB: more modules present in the outer layers.
Figure 6.9 shows a sketch of five tracks with the referred constraints
passing through the EB (to simplify, the constraints are pushed to the limit:
the track need to pass through the interaction point). The global constraint
73
6. Energy response of TileCal
appears: muons are mostly vertical, which means that track 1 will have more
events than the others. But track 1 only passes through layer D (in EB), track
2 passes through layers D and BC and only with angles beyond track 3 will
we get events in layer A.
In the LB partition 20-25% of the modules had low population.
6.4.2. Extended coverage (RPC stream) results
Figure 6.12 presents the uniformity in φ for the RPC data stream. The
main goal to use this dataset is the extension of the coverage in TileCal
modules. The main achievement of this data set is the full coverage present
in layer A of LB.
No MC had been reconstructed with the most up-to-date version of
TMF but, in order to try to remove at least the mentioned systematic of the
method (Section 6.4.1), the MC from ID-Volume is used to do the data/MC
ratio. Since the bias (if it exist in this dataset) is camouflaged by the statistics,
the uniformity chosen is no longer from the data/MC ratio, but from the
variation around the average of all modules.
55 out of 64 modules have a uniformity better than 5% and only one
module is beyond the TileCal 10% requirement.
An interesting result is obtained for the other layers in LB: layer BC has
a similar number of modules present as in the ID-COMM dataset, and layer
D even has less. The reason might be the statistics: although the RPC data
stream has twice the number of events of the highest event run in ID-COMM
(91900), this ratio falls to half when compared with the combination of the
five runs. On top of that, the events are better spread in the RPC, as the ID-
COMM constraints restrict the events almost to the LB. Besides, the cosmic
muons continue to be preferably vertical, leaving horizontal modules with
smaller population. On the other hand, the EB has much more modules
present.
A full coverage might be obtained, in layer A for EB, since the modules
missing aren’t horizontal but in the intermediate region. After inspecting
the data quality in the week of the runs, the confirmation came that module
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42 in the EBC all the channels presented a data corruption error which lead
to a empty set of values. Module 42 in EBA had 57 events and a truncation
was done to it, but the sum of both modules wasn’t enough to pass the 100
events threshold.
The other three missing modules: 9, 10 and 11 had respectively 95,
77 and 88 events. This gives the idea that, increasing the statistics will be
enough to achieve a full coverage also in layer A of the Extended Barrel. In
this layer, 49 of the 60 modules are within a uniformity of 5% and none is
beyond the 10% requirements. There is a comulative of 6 modules ouside
TileCal requirements for the uniformity: 2% of the total modules present in
this study.
The RMS obtained for both, the energy loss and the normalized values,
are presented in Table 6.7.
RMS obtained for the module results
dataset Long Barrel Extended BarrelA BC D A BC D
ID-COMM,energy loss 0.035 0.044 0.050 0.053 0.058 0.045
ID-COMM,normalized 0.027 0.034 0.036 0.045 0.047 0.037
RPC,energy loss 0.046 0.057 0.061 0.051 0.058 0.068
RPC,normalized 0.035 0.045 0.046 0.038 0.045 0.051
Table 6.7.: The RMS obtained for the modules results. Energy loss in
units [MeV/mm]
Again, like for the statistics uncertainties for both layer results in Section
6.3.4, the results for the RMS in the RPC dataset are higher than the respective
RMS for the ID-COMM data stream.
6.5. Comparison between Layer and Module
results.
In Table 6.8, it’s possible to see that, the results for layer are always
slightly higher than the results for modules. The uncertainties are not
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Energy loss (MeV/mm) LB EB
Radial layer A BC D A BC D
ID-COMM
Layer results 1.35 1.35 1.39 1.29 1.31 1.31
Module results 1.32 1.30 1.38 1.19 1.24 1.22
Layer / Module ratio 1.03 1.04 1.01 1.08 1.06 1.08
RPC
Layer results 1.33 1.34 1.38 1.43 1.39 1.42
Module results 1.30 1.27 1.33 1.35 1.29 1.32
Layer / Module ratio 1.02 1.06 1.04 1.06 1.08 1.07
Table 6.8.: Summary of energy loss results for layer and modules.
presented because the results of the layer uncertainties are dominated by
the systematics and the results for the modules uncertainties are dominated
by statistical uncertainties. The statistical uncertainties can be as high as 5%
in the lowest populated modules. In the barrel, the ID-COMM dataset gives
the closest ratio to the unity followed by the RPC dataset. The ratios for the
extended barrel are worse for both datasets with a value around 7 % above
the unity.
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Figure 6.3.: Stability of the energy loss over five runs for the Long
Barrel (LB) and Extended Barrel (EB).
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Figure 6.4.: Energy loss variation with the momentum of the muon
with layer A from LB.
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Figure 6.5.: Energy loss variation with path: equal length method.
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Figure 6.6.: Energy loss variation with path: equal statistics method.
Figure 6.7.: Example of a track passing through both EBs and in the
ID.
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Figure 6.8.: Energy loss for long and extended barrel for the three
layers both data streams. The data/MC ratio is obtained
for ID-COMM data stream.
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Figure 6.9.: Simulation of tracks from EB passing in the interaction
point.
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Figure 6.10.: Uniformity in φ for ID-COMM runs.
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6.5. Comparison between Layer and Module results.
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Figure 6.11.: Weighted mean of the energy loss for ID-COMM dataset
using TileCal modules.
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6. Energy response of TileCal
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Figure 6.12.: Uniformity in φ for RPC run.
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6.5. Comparison between Layer and Module results.
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Figure 6.13.: Weighted mean of the energy loss for RPC dataset using
TileCal modules.
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7. Conclusions
A breakthrough in particle physics begins, as the LHC produced the
first proton-proton collisions at a center of mass
√
s = 7TeV. In particular, the
ATLAS experiment achieved high quality results, consistent with predictions
based in results from lower energy experiments. This accomplishment was
only possible because of the commissioning phase of the ATLAS detector
between 2005 and 2009.
The energy response studies of TileCal are fundamental for a correct
reconstruction of jets of particles and missing transverse energy. These will
test the Standard Model of Particle Physics and probe for new physics in the
LHC collisions.
The work developed for this thesis is a contribution to the commission-
ing phase of TileCal, using data from cosmic ray muons. The main goals are
the certification of the energy scale calibration of the Tile Calorimeter and
the study of its uniformity with the azimuthal angle.
This was done using the ratio between the energy deposited in the Tile-
Cal cells by the cosmic muons, and their crossed path length, reconstructed
with a calorimeter based algorithm, designated as TileMuonFitter (TMF).
Currently, there is another analysis, that uses the tracks reconstructed by
the Inner Detector (ID) and addresses this issue. This method is designated
as ID-track and was already submitted for publication.
My analysis aimed at an independent validation of the ID-track results,
using the TMF algorithm. Two data streams were used: one that required a
track in the ID (ID-COMM), to allow a comparison with the ID-track results,
and another data stream that didn’t require the constraints of having the
track in ID (RPC).
The results obtained with the ID-COMM data stream were 5% higher
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than the ID-track results for the Long Barrel (LB), but the data/MC ratio
for layers A and BC is within 3% of unity, giving a good agreement in the
setting of the EM scale. For the D layer, the data/MC is 5% above unity, also
in agreement with the previous analysis, which might indicate a possible
layer miscalibration.
To test the repeatability of the TMF method, the energy loss was
averaged, using the five different ID-COMM runs. The result obtained
was for the variation between runs of 1% for LB and 2.5% for EB.
To test the reproducibility of TMF, the averaged energy loss for the
two data streams was used, calculating that ratio. The value obtained for
this ratio was of 1.01 ± 0.11 for the LB and 0.90 to 0.94 for the EB with
similar uncertainties. These uncertainties were overestimating since they
are retrieved from each result error, using propagation rules without taking
correlations into account.
The statistical uncertainties dominate the study of φ uniformity and
were as high as 5% in the lowest populated modules A geometrical bias was
observed here, using the ID-COMM data stream, for layer A in the LB. Using
the data/MC ratio to remove it, a uniformity better than 1% is achieved for
36 of the 49 modules present in layer A using the ID-COMM dataset.
The RPC data stream achieves a full coverage (all 64 modules present)
in φ, for layer A in LB, with a uniformity within 5%. Insufficient statistics for
this data stream doesn’t permit the full coverage also for layer A in the EB.
Nevertheless, 49 of the 60 modules have a uniformity within 5% and none
of them is beyond the 10% TileCal requirements.
A total of 78.4% of the TileCal modules are present in this study and
only 6 of them are beyond the 10% of the TileCal uniformity requirements.
In addition to providing a cross-check of the analysis based on ID
reconstructions tracks, the TileCal-based track reconstruction method was
able to extend the coverage of the modules and partitions beyond the
constraints of the previous analysis, providing an independent validation of
the EM scale of the ATLAS Hadronic Tile Calorimeter.
The work done for this thesis was already presented to the ATLAS
Community [25], in a National Conference [26] and an ATLAS internal paper
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[27] is in preparation.
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A. Systematic Calculations
This appendix presents the systematic uncertainties calculations for the
energy loss results for layers. Each ID-COMM table (Table A.[odd numbers])
has three smaller tables: the Data, MC calculation and the Data/MC ratio for
the results. The first column of each table refers to the type of systematic:
for path the 1-5 points referred to the equal statistical averaged discussed,
for θ cut referred to the lower, nominal and upper value tested (6◦, 8◦ and
10◦ respectively), and so on. . . The values refer to the result obtained for that
point / cut (variation). The last row, of each smaller table, refers to the half
maximum difference of the same values, which is the systematic uncertainty
contribution for the cut.
Since no MC was made to relate to the RPC data stream the RPC results
for layer present neither the MC nor the Data/MC ratio (Tables Table A.[even
numbers]).
In order for the tables fit the page, the label HDM refers to the half
maximum difference.
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A. Systematic Calculations
Data/Point LB A LB BC LB D EB A EB BC EB D
1 1.352 1.324 1.447 1.199 1.295 1.231
2 1.318 1.322 1.434 1.167 1.255 1.205
3 1.301 1.335 1.410 1.172 1.289 1.255
4 1.275 1.338 1.437 1.197 1.298 1.286
5 1.244 1.352 1.407 1.168 1.331 1.354
HDM 0.054 0.015 0.020 0.016 0.038 0.075
MC/Point LB A LB BC LB D EB A EB BC EB D
1 1.320 1.314 1.378 1.276 1.290 1.321
2 1.299 1.312 1.362 1.276 1.292 1.308
3 1.280 1.291 1.366 1.247 1.282 1.290
4 1.256 1.298 1.345 1.239 1.295 1.253
5 1.204 1.245 1.316 1.204 1.296 1.244
HDM 0.058 0.035 0.031 0.036 0.007 0.039
Ratio/Point LB A LB BC LB D EB A EB BC EB D
1 1.025 1.007 1.050 0.940 1.004 0.932
2 1.014 1.007 1.053 0.915 0.972 0.921
3 1.016 1.034 1.032 0.940 1.006 0.973
4 1.015 1.031 1.068 0.966 1.002 1.026
5 1.033 1.086 1.069 0.970 1.027 1.089
HDM 0.009 0.039 0.018 0.028 0.028 0.084
Table A.1.: ID-COMM systematic calculations for path.
Data/Point LB A LB BC LB D EB A EB BC EB D
1 1.328 1.410 1.407 1.406 1.538 1.522
2 1.318 1.365 1.389 1.405 1.385 1.404
3 1.316 1.347 1.381 1.371 1.354 1.291
4 1.259 1.285 1.307 1.335 1.321 1.302
5 1.193 1.300 1.290 1.231 1.320 1.267
HDM 0.067 0.062 0.058 0.088 0.109 0.127
Table A.2.: RPC systematic calculations for path.
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Data LB A LB BC LB D EB A EB BC EB D
0.0% 1.438 1.410 1.463 1.387 1.366 1.380
1.0% 1.350 1.349 1.392 1.286 1.307 1.312
2.5% 1.306 1.316 1.354 1.248 1.277 1.285
HDM 0.066 0.047 0.054 0.070 0.045 0.048
MC LB A LB BC LB D EB A EB BC EB D
0.0% 1.384 1.362 1.352 1.384 1.364 1.357
1.0% 1.322 1.308 1.330 1.327 1.300 1.320
2.5% 1.283 1.298 1.269 1.288 1.287 1.284
HDM 0.051 0.032 0.041 0.048 0.039 0.037
Ratio LB A LB BC LB D EB A EB BC EB D
0.0% 1.039 1.035 1.082 1.002 1.002 1.017
1.0% 1.021 1.031 1.047 0.969 1.005 0.994
2.5% 1.018 1.014 1.067 0.969 0.992 1.001
HDM 0.010 0.011 0.018 0.017 0.006 0.012
Table A.3.: ID-COMM systematic calculations for truncation.
Data LB A LB BC LB D EB A EB BC EB D
0.0% 1.401 1.389 1.442 1.555 1.459 1.466
1.0% 1.333 1.340 1.384 1.435 1.390 1.421
2.5% 1.294 1.311 1.350 1.391 1.352 1.386
HDM 0.053 0.039 0.046 0.082 0.053 0.040
Table A.4.: RPC systematic calculations for truncation.
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Data/Point LB A LB BC LB D EB A EB BC EB D
1 1.286 1.249 1.352 1.179 1.212 1.260
2 1.294 1.306 1.404 1.157 1.228 1.228
3 1.301 1.381 1.465 1.182 1.256 1.257
4 1.310 1.414 1.491 1.172 1.392 1.287
5 1.317 1.457 1.542 1.219 1.398 1.311
HDM 0.015 0.104 0.095 0.031 0.093 0.042
MC/Point LB A LB BC LB D EB A EB BC EB D
1 1.257 1.227 1.294 1.233 1.243 1.224
2 1.269 1.289 1.343 1.248 1.278 1.265
3 1.281 1.315 1.385 1.247 1.310 1.314
4 1.281 1.352 1.403 1.253 1.313 1.341
5 1.291 1.373 1.430 1.278 1.367 1.331
HDM 0.017 0.073 0.068 0.023 0.062 0.059
Ratio/Point LB A LB BC LB D EB A EB BC EB D
1 1.023 1.018 1.045 0.956 0.975 1.030
2 1.020 1.013 1.045 0.927 0.961 0.971
3 1.016 1.050 1.058 0.948 0.959 0.957
4 1.023 1.046 1.063 0.936 1.060 0.960
5 1.020 1.061 1.078 0.954 1.023 0.985
HDM 0.004 0.024 0.016 0.014 0.051 0.036
Table A.5.: ID-COMM systematic calculations for momentum.
Data/Point LB A LB BC LB D EB A EB BC EB D
1 1.267 1.313 1.329 1.321 1.395 1.337
2 1.287 1.330 1.364 1.342 1.345 1.318
3 1.293 1.346 1.355 1.379 1.393 1.353
4 1.292 1.362 1.365 1.355 1.376 1.407
5 1.291 1.421 1.398 1.376 1.428 1.429
HDM 0.013 0.054 0.035 0.029 0.042 0.055
Table A.6.: RPC systematic calculations for momentum.
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Data LB A LB BC LB D EB A EB BC EB D
30 MeV 1.367 1.354 1.440 1.360 1.350 1.369
60 MeV 1.350 1.349 1.392 1.286 1.307 1.312
90 MeV 1.342 1.346 1.382 1.264 1.295 1.300
HDM 0.013 0.004 0.029 0.048 0.028 0.035
MC LB A LB BC LB D EB A EB BC EB D
30 MeV 1.357 1.330 1.370 1.495 1.375 1.400
60 MeV 1.322 1.308 1.330 1.327 1.300 1.320
90 MeV 1.307 1.319 1.291 1.276 1.297 1.286
HDM 0.025 0.011 0.040 0.110 0.039 0.057
Ratio LB A LB BC LB D EB A EB BC EB D
30 MeV 1.008 1.018 1.051 0.910 0.982 0.978
60 MeV 1.021 1.031 1.047 0.969 1.005 0.994
90 MeV 1.026 1.020 1.071 0.991 0.998 1.011
HDM 0.009 0.006 0.012 0.040 0.012 0.016
Table A.7.: ID-COMM systematic calculations for noise energy.
Data LB A LB BC LB D EB A EB BC EB D
30 MeV 1.334 1.330 1.422 1.505 1.424 1.478
60 MeV 1.333 1.340 1.384 1.435 1.390 1.421
90 MeV 1.331 1.341 1.376 1.413 1.384 1.405
HDM 0.001 0.005 0.023 0.046 0.020 0.037
Table A.8.: RPC systematic calculations for noise energy.
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A. Systematic Calculations
Data LB A LB BC LB D EB A EB BC EB D
5 ns 1.348 1.340 1.390 1.266 1.288 1.305
6 ns 1.350 1.349 1.392 1.286 1.307 1.312
7 ns 1.351 1.353 1.394 1.302 1.318 1.317
HDM 0.002 0.007 0.002 0.018 0.015 0.006
MC LB A LB BC LB D EB A EB BC EB D
5 ns 1.315 1.315 1.299 1.314 1.305 1.305
6 ns 1.322 1.308 1.330 1.327 1.300 1.320
7 ns 1.326 1.328 1.301 1.331 1.322 1.312
HDM 0.006 0.010 0.016 0.008 0.011 0.008
Ratio LB A LB BC LB D EB A EB BC EB D
5 ns 1.025 1.019 1.070 0.964 0.987 1.000
6 ns 1.021 1.031 1.047 0.969 1.005 0.994
7 ns 1.019 1.019 1.072 0.978 0.997 1.004
HDM 0.003 0.006 0.012 0.007 0.009 0.005
Table A.9.: ID-COMM systematic calculations for noise time.
Data LB A LB BC LB D EB A EB BC EB D
5 ns 1.330 1.333 1.379 1.431 1.382 1.418
6 ns 1.333 1.340 1.384 1.435 1.390 1.421
7 ns 1.338 1.345 1.387 1.443 1.394 1.425
HDM 0.004 0.006 0.004 0.006 0.006 0.003
Table A.10.: RPC systematic calculations for noise time.
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Data LB A LB BC LB D EB A EB BC EB D
TOP 1.350 1.339 1.419 1.254 1.328 1.328
BOTTOM 1.350 1.349 1.392 1.286 1.307 1.312
HDM 0.000 0.005 0.013 0.016 0.010 0.008
MC LB A LB BC LB D EB A EB BC EB D
TOP 1.353 1.327 1.375 1.275 1.280 1.328
BOTTOM 1.322 1.308 1.330 1.327 1.300 1.320
HDM 0.016 0.009 0.023 0.026 0.010 0.004
Ratio LB A LB BC LB D EB A EB BC EB D
TOP 0.997 1.009 1.032 0.984 1.037 1.000
BOTTOM 1.021 1.031 1.047 0.969 1.005 0.994
HDM 0.012 0.011 0.007 0.007 0.016 0.003
Table A.11.: ID-COMM systematic calculations for TOP/BOTTOM.
Data LB A LB BC LB D EB A EB BC EB D
TOP 1.403 1.376 1.425 1.451 1.350 1.450
BOTTOM 1.333 1.340 1.384 1.435 1.390 1.421
HDM 0.035 0.018 0.020 0.008 0.020 0.014
Table A.12.: RPC systematic calculations for TOP/BOTTOM.
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A. Systematic Calculations
Data LB A LB BC LB D EB A EB BC EB D
6{◦} 1.351 1.350 1.392 1.286 1.307 1.312
8{◦} 1.350 1.349 1.392 1.286 1.307 1.312
10{◦} 1.346 1.346 1.392 1.286 1.307 1.312
HDM 0.003 0.002 0.000 0.000 0.000 0.000
MC LB A LB BC LB D EB A EB BC EB D
6{◦} 1.327 1.325 1.301 1.322 1.315 1.308
8{◦} 1.322 1.308 1.330 1.327 1.300 1.320
10{◦} 1.317 1.320 1.299 1.322 1.315 1.308
HDM 0.005 0.008 0.016 0.002 0.007 0.006
Ratio LB A LB BC LB D EB A EB BC EB D
6{◦} 1.018 1.018 1.070 0.973 0.994 1.003
8{◦} 1.021 1.031 1.047 0.969 1.005 0.994
10{◦} 1.022 1.019 1.072 0.973 0.994 1.003
HDM 0.002 0.006 0.012 0.002 0.006 0.005
Table A.13.: ID-COMM systematic calculations for θ.
Data LB A LB BC LB D EB A EB BC EB D
6{◦} 1.343 1.344 1.388 1.445 1.398 1.423
8{◦} 1.333 1.340 1.384 1.435 1.390 1.421
10{◦} 1.332 1.338 1.378 1.428 1.385 1.418
HDM 0.005 0.003 0.005 0.008 0.006 0.002
Table A.14.: RPC systematic calculations for θ.
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Data LB A LB BC LB D EB A EB BC EB D
1080 mm 1.350 1.348 1.392 1.287 1.306 1.311
1200 mm 1.350 1.349 1.392 1.286 1.307 1.312
1320 mm 1.349 1.350 1.392 1.284 1.307 1.312
HDM 0.001 0.001 0.000 0.001 0.000 0.000
MC LB A LB BC LB D EB A EB BC EB D
1080 mm 1.322 1.322 1.300 1.326 1.314 1.308
1200 mm 1.322 1.308 1.330 1.327 1.300 1.320
1320 mm 1.319 1.323 1.300 1.321 1.315 1.308
HDM 0.002 0.007 0.015 0.003 0.007 0.006
Ratio LB A LB BC LB D EB A EB BC EB D
1080 mm 1.022 1.019 1.071 0.971 0.994 1.002
1200 mm 1.021 1.031 1.047 0.969 1.005 0.994
1320 mm 1.022 1.020 1.071 0.972 0.994 1.003
HDM 0.001 0.006 0.012 0.001 0.006 0.005
Table A.15.: ID-COMM systematic calculations for X coordinate.
Data LB A LB BC LB D EB A EB BC EB D
1080 mm 1.333 1.340 1.384 1.435 1.390 1.421
1200 mm 1.333 1.340 1.384 1.435 1.390 1.421
1320 mm 1.333 1.340 1.384 1.435 1.390 1.421
HDM 0.000 0.000 0.000 0.000 0.000 0.000
Table A.16.: RPC systematic calculations for X coordinate.
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A. Systematic Calculations
Data LB A LB BC LB D EB A EB BC EB D
1260 mm 1.350 1.349 1.392 1.288 1.309 1.316
1400 mm 1.350 1.349 1.392 1.286 1.307 1.312
1540 mm 1.349 1.349 1.392 1.290 1.303 1.312
HDM 0.000 0.000 0.000 0.002 0.003 0.002
MC LB A LB BC LB D EB A EB BC EB D
1260 mm 1.320 1.323 1.300 1.322 1.315 1.308
1400 mm 1.322 1.308 1.330 1.327 1.300 1.320
1540 mm 1.320 1.323 1.300 1.322 1.315 1.308
HDM 0.001 0.007 0.015 0.002 0.007 0.006
Ratio LB A LB BC LB D EB A EB BC EB D
1260 mm 1.022 1.019 1.071 0.974 0.995 1.006
1400 mm 1.021 1.031 1.047 0.969 1.005 0.994
1540 mm 1.022 1.019 1.071 0.976 0.991 1.003
HDM 0.001 0.006 0.012 0.003 0.007 0.006
Table A.17.: ID-COMM systematic calculations for Z coordinate.
Data LB A LB BC LB D EB A EB BC EB D
1260 mm 1.319 1.326 1.370 1.419 1.375 1.406
1400 mm 1.319 1.326 1.370 1.420 1.376 1.407
1540 mm 1.319 1.326 1.370 1.420 1.376 1.407
HDM 0.000 0.000 0.000 0.000 0.000 0.000
Table A.18.: RPC systematic calculations for Z coordinate.
110
Data Run Number LB A LB BC LB D EB A EB BC EB D
91885 1.359 1.363 1.403 1.288 1.331 1.297
91888 1.350 1.347 1.392 1.276 1.292 1.329
91890 1.346 1.346 1.394 1.284 1.307 1.307
91891 1.351 1.341 1.379 1.270 1.308 1.324
91900 1.344 1.349 1.391 1.319 1.275 1.281
HDM 0.008 0.011 0.012 0.024 0.028 0.024
MC LB A LB BC LB D EB A EB BC EB D
Value 1.322 1.308 1.330 1.327 1.300 1.320
HDM 0.000 0.000 0.000 0.000 0.000 0.000
Ratio LB A LB BC LB D EB A EB BC EB D
91885 1.028 1.042 1.055 0.971 1.024 0.983
91888 1.021 1.029 1.047 0.962 0.994 1.007
91890 1.018 1.029 1.048 0.968 1.005 0.990
91891 1.022 1.025 1.037 0.957 1.006 1.003
91900 1.016 1.031 1.046 0.994 0.981 0.971
HDM 0.006 0.009 0.009 0.018 0.021 0.018
Table A.19.: ID-COMM systematic calculations for 5 different runs.
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